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C H A P T E R  1

The Story of Guided Missiles

INTRODUCTION

Never before in history has mankind been faced 
with so much knowledge to be learned in such 
a short period of time as technological advances 
continue to be made in the field of guided mis
siles and space vehicles. Thirty years ago it did 
not seem possible, but today the skies are filled 
with missiles, satellites, space probes, and new 
types of supersonic aircraft. The world seems to 
get smaller and smaller as probes continue to 
outer space, revealing secrets of the unknown.

More than any single device, the guided mis
sile has shaped the aerospace forces of the world 
today. Representative of a nation's aerospace 
power, these forces include the entire aeronau
tical and astronautical capacity of a nation. In 
the United States, for example, aerospace forces 
are composed of the following systems:

• Aircraft systems
•  Missile systems
•  Space vehicle systems

Continuous research and development programs 
have made it possible to include or integrate 
guided missiles in each of the systems. Combat 
aircraft, for example, are fitted with airborne 
weapons which can be launched against enemy 
aircraft, his ground forces, or strategic targets 
deep inside his nation. Ground-based missile sys
tems have various range capabilities from a few 
miles to several thousand miles. These ground- 
based missiles are ballistic or nonballistic types, 
depending on their mission requirements. Short- 
range guided missiles are usually very mobile so 
that they may be transported easily and quickly 
to locations where they are most needed. The 
U. S. Army, for example, uses several missiles

which can be carried and launched by the individ
ual soldier.

Very long-range guided missiles require large 
fuel supplies and extremely complex guidance 
and control systems. These missiles are usually 
stored within specific and specially designed areas. 
Later generation ballistic missiles are designed for 
underground hardened-site storage to be launched 
as retaliatory measures in the event of attack by 
missiles from an unfriendly nation. Certain of 
these larger ballistic missiles have been integrated 
with the space vehicle systems. In these cases, 
the guided missile has been used for the booster 
and sustainer stages to carry vehicles into outer 
space. The guided missile possesses many, if not 
all, of the desirable characteristics which are pre
dominant in aerospace forces. These are as 
follows:

•  Range
• Mobility
• Flexibility
•  Speed
•  Penetration
•  Firepower delivery

The mobility of a weapon system is of great 
importance. Certain guided missiles are very mo
bile and ideal for selective functions needed to 
resolve a limited war. The same holds true for 
special operations conducted during a cold war 
to counter activities harmful to this country and 
its allies. The use of mobile guided missiles is 
especially attractive since only a short notice is 
needed to transport them to a new location where 
they can be used immediately. When mobility is 
combined with flexibility, then the missile be
comes a very versatile weapon system.
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The flexibility of some guided missiles is evi
dent by their integration with certain manned and 
unmanned weapon systems employed by land, 
sea, and air forces. An excellent example of flexi
bility is shown by the Polaris missile and its mo
bile underseas launching vehicle—the nuclear 
submarine.

The guided missile can be employed as a diver
sionary weapon to confuse ground and air forces. 
For instance, the Quail, which is carried and air- 
launched by bomber aircraft, can be equipped 
with electronic gear that emits electromagnetic 
radiations. These radiations are capable of divert
ing enemy attacking aircraft and their missiles, as 
well as those missiles that are launched from bases 
on the ground surface.

The surface-to-air missiles can be made an 
integral part of hostile aircraft and early warning 
networks. Each such radio and radar network, as, 
for example, BMEWS (Ballistic Missile Early 
Warning System) is a separate weapon system. 
The flexibility of certain guided missiles is dem
onstrated by their usage in more than one branch 
of the armed forces. Examples of these weapons 
are given in following chapters.

The penetrative ability of a guided missile is 
largely attributed to three things. First is the pe
culiar medium, aerospace, In which a certain type 
of ballistic missile system best operates. The ad
vantage here is apparent during strategic air oper
ations since nations have no aerial shores or 
definite, marked boundaries. Natural geographic 
features such as high mountains or large oceans 
are no longer considered as barriers to air opera
tions in which manned and unmanned weapon 
systems are important components. This means 
that the entire military, political, economic, and 
psychosocial structure of a nation can be brought 
under aerial attack. More important is the influ
ence that a powerful aerospace force exerts upon 
politico-military decisions in all major nations 
during peacetime.

Second is the wide choice of altitudes and 
speeds that are open to guided missiles. At the 
present time, there is very little that can be done 
to divert or destroy ballistic missiles which are 
capable of traveling over intercontinental distances 
and at hypersonic speeds. Technological develop
ments in the future may bring about beam-directed

energy weapons which can be used to intercept 
such missiles and their decoys. The ABM (Anti- 
ballistic Missile) is designed to provide limited 
protection in this area.

Third, the penetration ability of guided missiles 
is enhanced by employing a variety of tactics in 
manned and unmanned operations. The use of 
guided missiles no longer requires air superiority 
over enemy terrain as was necessary for conven
tional aircraft to drop their gravity bombs on 
selected targets. Aerospace forces provide the 
means to penetrate enemy defenses and deliver 
tremendous firepower at any point on earth or 
beyond its sensible atmosphere. As an integral 
part of these forces, the guided missile is capable 
of a high degree of accuracy, fast reaction, and 
high launch rates.

The intent of this manual is to present the 
fundamentals of the missiles field— to inform you 
of the aerodynamics, propulsion, instrumentation, 
control, and guidance systems involved in guided 
missiles. You will also learn of the capabilities of 
missiles and how they can be used.

Earlier, it was mentioned that both the aero
nautical and astronautical capacity of a nation 
must be considered in evaluating its aerospace 
power. Our nation has been actively engaged in 
various space probes of which the Venus fly-by, 
made by the Mariner II spacecraft, is an example. 
The distance traveled, before scientific observa
tions of the surface of Venus could be made, was 
more than 180,200,000 miles. This tremendous 
range or spacial distance was covered over a pe
riod of several months. The launch vehicle, which 
placed the Mariner II in orbit, was a modified A lias 
missile combined with an Agena B vehicle. The 
Atlas ballistic missile was formerly an integral part 
of our overall defense.

Later developments in the space program saw 
the launching of the Mercury and Gemini pro
grams, carrying man into outer space. These space 
vehicles used the Atlas and Titan missiles as 
boosters.

The most noteworthy achievements of 1969 
were the Apollo manned space flights. The first 
flight, the Apollo 10, made 31 orbital sweeps of 
the moon. The three astronauts traveled 750,000 
miles on this eight-day mission, and made two 
low passes over the moon’s Sea of Tranquillity,
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one at 9.4 miles and the second at a height of 12 
miles. This flight could only have been accom
plished by the very finest of technical accuracy and 
engineering achievement. The booster, which 
operated perfectly in putting the Apollo 10 in or
bit, was the Saturn missile.

The ultimate goal was reached in July 16, 1969 
when the Apollo I I  astronauts Neil A. Armstrong, 
Michael Collins, and Edwin E, Aldrin Jr. were 
launched to the moon by a Saturn V missile from 
Cape Kennedy, Florida. Armstrong and Aldrin 
made world history by landing on the moon July 
20, 1969. The “moon walk*' was televised back 
to earth and viewed by all countries.

After take-off from the moon July 21, the two 
astronauts rejoined Collins in the Command 
Module circling the moon. They splashed down in 
the Pacific Ocean and recovery was made on July 
24, 1969. The world was astounded at the per
fection of this entire operation, which lead to 
other planned space explorations.

BRIEF HISTORY OF GUIDED MISSILES

Just as World War II was not fought along the 
same lines as World War I, victory in a future 
war may not be realized by using World War II 
aircraft practices. The solution to glided missile 
problems of the future will stem from past ex
periences. If we are to profit from the lessons 
learned from the missiles of the past, we must 
analyze and apply these lessons in the light of the 
current situation.

The idea of using guided missiles came during 
World War I. The use of the airplane as a mili
tary weapon gave rise to the idea of using remote- 
controlled aircraft to bomb targets. The leaders 
in the field were Orville Wright, who flew the first 
airplane, E. A. Sperry of the Sperry Gyroscope 
Company, and Charles F. Kettering of General 
Motors Corporation. These men devised and 
tested our first missile, the Bug, a small version 
of the aircraft used in those days. While the first 
missile did not get into combat, a most important 
result of these early tests was the recommendation 
that future experimentation should be done with 
radio-controlled aircraft to correct the missile 
while in flight.

In 1924, funds were allocated to develop a 
missile using radio control. Many moderately

successful flights were made during the 1920s with 
this control but by 1932 the project was closed 
because of lack of funds.

About 1935, two brothers named Good, ama
teur model airplane builders, built and flew a 
model plane that was remotely controlled by radio 
signals transmitted from the ground. These flights 
were the first completely radio-controlled flights 
on record.

Radio-controlled target planes were the first 
airborne remote-controlled aircraft used by the 
Army and Navy,

By December of 1941, just before entry into 
World War II, remote-controlled aircraft were 
developed to the point where they were seriously 
considered for use as a weapon of warfare by 
General Arnold, then Chief of Staff of the Army 
Air Corps,

So far only missiles powered by internal com
bustion engines and propellers have been dis
cussed. Work was also being done to develop 
missiles using reaction-type engines (including 
rocket engines), which contain within themselves 
all the elements needed for power, and jet en
gines, which depend on the surrounding atmo
sphere as a source of oxygen. Both the jet and 
rocket engines may become obsolete insofar as 
missile powerplaots are concerned when a nuclear 
powerplant for aircraft is developed.

Divilopmcnt of American Rocketry
Dr. Robert H. Goddard, at one time a physics 

professor at Clark University, Worcester, Mas
sachusetts, was largely responsible for the interest 
in rockets back In the twenties. When Dr. God
dard first started his experiments, no related tech
nical Information was available. He started a new 
science, industry, and field of engineering. Through 
his scientific experiments, he pointed the way to 
the development of rockets as they are known 
today. The Smithsonian Institute agreed to finance 
his experiments in 1920. From these experiments 
he wrote a paper titled A Method of Reaching 
Extreme Altitudes, in which he outlined a space 
rocket of the step (multistage) principle, theo
retically capable of reaching the moon.

Dr. Goddard discovered that with a properly 
shaped, smooth, tapered nozzle he could increase 
the ejection velocity 8 times with the same weight 
of fuel. This would not only drive a rocket 8 times
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faster, but 64 times farther, according to his 
theory. Early in his experiments he found that 
solid propellant rockets would not give him the 
high power or the duration of power needed for 
a dependable supersonic motor capable of ex
treme altitudes. On 16 March 1926, after many 
trials, Dr. Goddard successfully fired, for the first 
time in history, a liquid propellant rocket into the 
air. It attained an altitude of 184 feet and a speed 
of 60 mph. This seems small as compared to 
present day heights and speeds of missile flights, 
but instead of trying to achieve speed or altitude 
at that time, Dr. Goddard was trying to develop 
a dependable rocket motor.

Dr. Goddard later was the first to fire a rocket 
that reached a speed faster than the speed of 
sound. He was first to develop a gyroscopic 
steering apparatus for rockets, first to use vanes in 
the jet stream for rocket stabilization during the 
initial phase of a rocket flight, and first to patent 
the idea of step rockets. After proving on paper 
and in actual test that a rocket can travel in a 
vacuum, he developed the mathematical theory of 
rocket propulsion and rocket flight, including 
basic designs for long-range rockets. All of this 
information was available before World War II, 
but evidently its immediate use did not seem ap
plicable. Near the end of World War II, intense 
work started on rocket-powered guided missiles, 
using the experiments and developments of Dr. 
Goddard and the American Rocket Society.

The American Rocket Society developed rock
ets and rocket motors after its organization in 
1930. Its first motor was based mainly on German 
designs obtained from the German Rocket Society 
in 1931, The American Rocket Society w b s  first 
to build a sectional rocket motor that could test 
rockets of different sizes, thus cutting down the 
cost of a new motor for each type tested.

In 1941 some members of the American Rock
et Society formed a company known as Reaction 
Motors, Inc. It was organized to develop and 
manufacture rocket motors for both military and 
civilian use.

Development of German Rockets

The first flight of a liquid propellant rocket in 
Europe occurred in Germany on 14 March 1931, 
five years after Dr. Goddard made his first success

ful rocket test. A German scientist named Wink
ler was in charge. Winkler lost his life a short time 
later during one of his experiments.

Germany by this time had begun to sense the 
future importance of liquid propellant rockets in 
warfare. In 1932 Captain Walter Dornberger 
(later a general) of the German army obtained 
the necessary approval to develop liquid propellant 
rockets for war purposes. By 1936, Germany de
cided to make research and development of 
guided missiles a major project. Germany spent 
$40,000,000 on a project, known as the Peene- 
munde Project, for establishing a large rocket 
research and development laboratory. Hitler put 
the members of the German Rocket Society to 
work there, closing to the rest of the world Ger
man developments on rockets until after the war. 
Unlike Germany, the U.S.A. during this time 
paid little attention to the development of jet and 
rocket propulsion for any specific purpose.

Evolution of Jet Engines

The rocket was just one type of jet propulsion 
powerplant that was being proposed and worked 
on in this century. As early as 1913, Rene Lorin, 
a French engineer, proposed and first patented 
the idea for a ramjet powerplant. Lorinfs patent 
was followed by a Hungarian patent for a simi
lar device in 1928 and another French patent in 
1933. None of the proposed Ideas resulted in a 
workable engine. The failures occurred not be
cause the fundamentals of operating such a device 
were not known but because technical information 
on high-speed fluid flow was unavailable. A period 
of 32 years separated Lorin's original idea and the 
first free-flight testing of a ramjet-powered vehicle 
capable of developing thrust in excess of drag. 
This test occurred in June 1945 when the Applied 
Physics Laboratory of Johns Hopkins University 
successfully flew the first ramjet-powered aircraft.

The forerunner of the present day turbojet was 
a mechnical type. In 1927, the Italian Air Minis
try began investigating the possibility of propelling 
an aircraft by placing a conventional propeller 
inside the mouth of a venturi-shaped fuselage. 
This so-called “ducted propeller” installation was 
a form of mechanical jet propulsion. Tests with 
this “ducted propeller” installation demonstrated 
that it possessed excellent maneuverability and
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stability characteristics, although its overall per
formance was only mediocre. In 1932, an Italian 
by the name of Campini designed and later flew an 
aircraft propelled by a thermaljet engine. His / t- 
powered aircraft was not a turbojet because it 
depended upon a conventional reciprocating en
gine instead of gas turbine for compressor power.

Evaluation of Carnpini’s engine had hardly been 
made when improved jet engines began to appear 
in various countries. A young British engineer and 
Royal Air Force officer, Frank Whittle, had filed 
a patent for a thermaljet engine as early as 1930. 
Whittle's design eliminated the reciprocating en
gine as the power source for driving the com
pressor. Instead, the mixture of air and gasses 
was used after combustion to drive a gas turbine. 
The turbine drove the compressor. On 7 April 
1941, a Gloster "Pioneer” aircraft, powered by 
Whittle’s engine, became airborne during taxiing 
tests and flew about 150 yards at an altitude of 
about six feet. On 15 May 1941, this same aircraft 
made the first official takeoff for a turbojet- 
powered aircraft and flew for 17 minutes.

After these successful flights, the Army Air 
Corps sent a special group of men to England to 
study the engine. Further development became a 
British-American project. At this time, only 10 
hours of jet engine operation had been accumu
lated in 15 flights.

Turbojet development in the U.S. was turned 
over to the General Electric Company because 
of its experience in the development and pro
duction of turbosuperchargers. Today, turbojet 
engines are built and developed by nearly all air
craft engine companies. At the present time, the 
turbojet engine is the only air-jet engine capable 
of getting an aircraft or missile to take off under 
its own power without the assistance of a booster.

Another air-jet engine is the pulsejet. This type 
of engine was patented by a German engineer in 
1930, but a good, workable pulsejet engine was 
not perfected until World War II. It became 
famous during the war as the powerplant of the 
German Buzz Bomb or V-l. This engine was 
capable of propelling the V-l at 450 miles per 
hour,

In 1940, General Motors Corporation was 
given a contract to build and develop jet-powered, 
controllable bombs which in the final version were 
to be command-controlled with television. These

bombs were tested extensively in 1941 and 1942. 
The testing led to the development of new types 
of jet-powered bombs.

Enem. Guided Missiles of World War II

The Japanese were far behind the Germans in 
missile development during World War II. The 
Baka, used by the Japanese during the war, was 
not a guided missile in the true sense of the word. 
It was a rocket-propelled, piloted glide bomb 
design^ for use against shipping targets. The Baka 
was known as a suicide bomb. Although it 
achieved a certain degree of success, it had poor 
maneuverability, a characteristic which resulted 
in many Bakas being shot down by antiaircraft fire.

The Japanese also tried an air-launched, radio- 
controlled, rocket-assisted glide bomb. This mis
sile had to be dropped from a low altitude, and 
the control plane had to get within two and one- 
half miles of the target. The procedure made the 
control plane an easy target for antiaircraft fire. 
The project was dropped before the end of the 
war.

The German developments in the field of guided 
missiies during World War II were the most ad
vanced. Their most widely known missiles were 
the V-l and V-2 surface-to-surface missiles. As 
early as the spring of 1942, the original V-l had 
been developed and flight tested at Pecnemunde. 
In 1943, Germany was working on 48 different 
antiaircraft missiles. These were later consolidated 
into 12 projects for immediate development into 
useful weapons. Toward the end of the war, efforts 
were being directed toward the successful produc
tion of an antiaircraft missile capable of intercept
ing allied bombers.

The V-l (a robot bomb) was a pilotless, pulse
jet, midwing monoplane, lacking ailerons but using 
conventional airframe and tail construction. All 
guidance and control was accomplished internally 
by gyro stabilization and preset compass guid
ance. It was launched from a ramp 150 feet long 
and 16 feet above the ground at the highest end. 
A speed of approximately 200 mph had to be 
reached before the V-l propulsion unit could 
maintain the missile in flight. The missile carried 
a warhead weighing 1988 pounds.

The V -l (vengeance weapon 1) was not ac
curate, and it was susceptible to destruction by
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antiaircraft fire and aircraft. However, the inter
ruptions it caused in the functioning of a vital 
war center such as London, together with the 
amount of physical damage it did, made the V-l 
effective in lowering morale.

The V-2 (vengeance weapon 2) was the first 
long-range, rocket-propelled missile to be put into 
combat. Concentrated efforts began in 1941. The 
V-2 was put into mass production, and the first 
V-2 landed in England in September 1944.

The V-2 was a supersonic missile, verti^lly 
launched and automatically tilted to a 41* to 47° 
angle a short time after launching. The maximum 
range was about 200 miles, and the top speed was 
about 3300 mph. The V-2 was a large missile, 
having a length of 46 feet 11 inches and a diam
eter of 4 feet 5 inches. Its total weight at takeoff 
was over 14 tons, including a 1650-pound war
head.

Active countermeasures against the V-2 were 
impossible. Except for its initial programmed turn, 
it operated as a free projectile at extremely high 
velocity.

Several other German missiles were also highly 
developed during World War II and were in var
ious stages of test.

One of these, the Rheinbote, was also a surface- 
to-surface missile. This rocket was a 3-stage device 
with booster-assisted takeoff. Its range was about 
135 miles, with the third stage reaching over 3200 
mph in about 25 seconds after launching. Overall 
length of the rocket was about 37 feet; but after 
having dropped a rearward section at the end of 
both the first and second stages, it had a length of 
only 13 feet. The 13-foot section of the third stage 
carried an 88-pound high-explosive warhead.

A surface-to-air missile, the Wasserfall, was a 
radio-controlled supersonic rocket, similar to the 
V-2 in general principles of operation. Fully 
loaded it had a weight of slightly less than 4 tons. 
Its length was 25 feet. Designed for intercepting 
aircraft, this missile had specifications which called 
for maximum altitude of 65,000 feet, speed of 560 
mph, and range of 30 miles. Its 200-pound war
head could be detonated by radio after the missile 
had been command-controlled to its target by radio 
signals. It also was to use an infrared proximity 
fuze and homing device for control on final ap
proach to the target and for detonating the war
head at the most advantageous point in the

approach. Propulsion was to be obtained from a 
liquid propellant powerplant, with nitrogen-pres
surized tanks.

Another surface-to-air missile, the Schmet- 
terling (HS-117), was still in the development 
stage at the close of the war. All metal in con
struction, it was 13 feet long and had a wing span 
of 6 Vi feet. Effective range against low-altitude 
targets was 10 miles. It traveled at 540 mph at 
altitudes up to 35,000 feet. A proximity fuze 
would set off its 55-pound warhead. Propulsion 
was obtained from a liquid propellant rocket motor 
with additional help from two booster rockets dur
ing takeoff. Launching was to be accomplished 
from a platform which could be inclined and 
rotated toward the target.

A third German surface-to-air missile was the 
Enzian, designed to carry payloads of explosives 
up to 1000 pounds. It was to be used against 
heavy-bomber formations. The Enzian was about 
12 feet long. It had a wing span of approximately 
14 feet and weighed a little over 2 tons fully 
loaded. Propelled by a liquid propellant rocket, it 
was assisted during takeoff by four solid propel
lant rocket boosters. Launching, as in the case of 
the Schmeiterling, was from a rotatable launcher, 
with range elevation possible. Its range was about 
16 miles, speed 560 mph, and maximum altitude
48,000 feet. Guidance was by command control.

A German air-to-air missile, the X-4, was de
signed to be launched from fighter aircraft. Pro
pelled by a liquid propellant rocket, it was sta
bilized by four fins placed symmetrically. Length 
was about 6 Vi feet and span about 2 Vi feet. Its 
range was slightly over lVi miles, and its speed 
was 560 mph at an altitude of 21,000 feet. Guid
ance was accomplished by electrical impulses 
transmitted through a pair of fine wires from the 
fighter aircraft. The wires unrolled from two coils 
mounted on the tips of two opposite fins of the 
missile. This missile was claimed to have been 
flown, but it was never used in combat.

United State* Guided Missile* of World War 11

A project for developing missiles in the U.S.A. 
during World War II was started in 1941. In that 
year the Army Air Corps asked the National De
fense Research Committee to undertake a project 
for the development of a vertical, controllable
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Figure 1-1. Limits o f Control o f the Azon and Razon

bomb. The committee initiated a glide-bomb pro
gram which resulted in standardization of a preset 
glide bomb attached to a 2000-pound demolition 
bomb. The Azon, a vertical bomb controlled in 
azimuth only, went on the production line in 1943. 
Project Razon, a bomb controlled in both azi
muth and range, was started in 1942 but not com
pleted until the end of the war. The limits of con
trol of both Azon and Razon bombs are shown in 
figure 1-1. A medium-angle glide bomb called the 
ROC and a 12,000-pound bomb known as the 
Tarzon, both controllable in azimuth and range, 
were also under development at this time. The two 
bombs did not reach the combat stage during 
World War II. The Tarzon project was dropped 
in 1946 and picked up again in 1948. The Tarzon 
and Razon bombs were used successfully in the 
Korean action.

In 1943, a project was initiated for develop
ment of a glide torpedo using standard Navy tor
pedoes. In the final days of the war, these glide 
torpedoes were used on several missions in the 
Pacific theater.

In 1944, a glide-bomb mission was made 
against Cologne, Germany. Most of the bombs 
reached the target area. In this same year, remote 
television-control equipment' was developed and 
installed in bombing aircraft. These aircraft were 
used to control television-sighted, explosive-laden 
bombers unfit for further service. These radio- 
controlled bombers saw some service over Ger
many under the Weary Willie project. Light and

radar target-seeking devices were developed for 
use with glide bombs and were tested until 1945.

Our first jet-propelled missile was actually a 
flying-wing, jet-powered, and radio-controlled 
bomb. The second version of a jet-propelled bomb 
was a copy of the German V-l with a few im
provements. Another model consisted of a com
bination of the two mentioned above, using the 
flying wing together with the pulsejet engine of 
the V -l. This project became obsolete in 1946. 
By 1946 the Tiamat, a guided aircraft rocket, had 
been completed to the extent that full-size versions 
were being tested.

The Navy had a number of guided missile proj
ects under development by the end of the war. One 
of these, the Gargoyle, was an air-launched, pow
ered, radio-controlled glide bomb using a flare for 
visual tracking. The Navy also had a glide bomb 
called the Glomb. It was guided to a target by ra
dio control, monitored by television. The Loon. 
a modification of the German V -l, was to be used 
from ship-to-shore and to test guided missile com
ponents. Another missile, known as Gorgon IlC, 
used a ramjet engine with radar tracking and radio 
control.

During the war, these weapons were developed 
under pressure for immediate use. At the end of 
the war in 1945, nearly all previous development 
on guided missiles, controllable bombs, and guided 
aircraft rockets was considered obsolete. New mili
tary characteristics and specifications were drawn 
up with future weapon possibilities in mind.
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Tob/e 7-1, Misti}* Dmvmlopment 195Q-1964

M ISS IL E SER V IC E
P R O P U LS IO N

SYST EM
G U ID A N C E

SYSTEM

Titan I (H G M -23A) AF liqu id  rocfcot ftadio-irtorifol

Titan II (LGM-25C) A F Liquid rocktf Inorffal

Atia» (C O M -1 AD) (H G M -ldF) AF Liquid rcxk#t Rodlo-lnortlal

M atador (M O M -1C) AP T«rbo|«t Radar command ond  hypurbolk

M ac# (M G M -13A ) A F Turbo*** Map-matching

Mae# (COM-13ft) A F Turbojot fnortlal

M lnutam an (LGM-30A, ft, F) AF Solid  ptoptlionf inortial

Bomorc (C IM -10A  A  109) A F Ramf«t Radar homing

Falcon (A IM -4A, C, E, F> 

(A IM 4 6 A .  47A)

A F Solid  p ropd lan f Radar & lit homing

Con i#  (AIR-2A) AF Solid  propoilairt Fr##-fllght

Quail (ADM-20C) A F Turbo |«t Gyro-autopilot

Hound D ag  (AGM-2B) A F Tvrbojot Inortial

Davy C rock ilt Arm/ Solid  propallanf Fr##-t light

ENTAC (M G M -32A ) Army Solid  propodanl WTr#-guid#d

Hornwf John (MOIt-]) A rm y Solid  prop*Uanf Prut- flight

Uhl# John (M G R 4 A ) Arm y Solid  p rop illon t Prai-Dight

P toh in g  (M GM -31A) Arm y Solid  propellant Inorllol

Hawk (M IM -23A) Army Solid  p ro p t la irt Nadar-homing

5#rg#ant (M G M -29A ) Arm y Solid  p roptllonr Inorffal

Sh llU lagh  (M G M -J lA ) Army Solid  p rop illa n t Command

Nlk#-H#rcul#i (M IM-14B) Army Solid  propalfairt Command-tracking radar

Polar!* (UOM-27) N avy Solid  propolkm t Inertial

R t^ v lv i ( IG M 4 ) U jma.I 'O v y Turbo |#t InarHal

Sufaroc (UUM -44A) N avy So lid  ro d iif Inorffal

Tolor (R IM 4 E ) N a v y Romjtt StavrvHdor —  Hom ing

Tartar (RIM-248) N avy Solid propellant beom-fider

T«rr(#r (RIM-2E) N a vy Solid propellant Roam-r War —  Homing

Shrtk# (AG M -4SA) N avy So lid  propoll a rvi Rodar homing

3U#w lnd#r 1-C (A IM -9D) Navy, A t So lid  propollont IR  homing

Sparrow  Ill-eft (A IM -7E) Navy, AP Solid  propalloftr Homing

Bvllpop (AOM-121) Navy, A F Solid  propollant Radio command

ftullpvp (A G M -1 2 Q Navy, A F liqu id  propoll a nl Radio command

GUIDED MISSILE DEVELOPMENT 
AND CLASSIFICATION

A high respect for the far-reaching potentials 
of guided missiles was realized io the closing 
phases of World War II. Immediately following 
the war’s end, the Army Air Corps began a crash 
program of missile development The program was 
later drastically curtailed because of peacetime 
budgeting and the need for conservation of the 
limited numbers of technically qualified personnel

and limited supplies of material. Contracts were 
cancelled for interim-type guided missiles being 
developed until such time that longer range, super
sonic missiles could be realized.

Research and Devalopmant
Attention was again focused on guided missile 

programs in 1950 when this nation became in
volved in the Korean war, and possible involve
ment with other countries. With a higher budget 
for defense, all three services began extensive mis-



sUc programs, involving many companies and uni
versities in research, development, and production. 
Some of these missiles are listed in following para
graphs and in table l - l .  Most of these missiles are 
no longer carried in current inventories. Current 
missiles in the inventory are listed in Attachment l.

The Matador and its successor, the Mace, prob
ably had the longest tenure as operational surface- 
to-surface missiles. Operational in 1952, this pro
gram was not phased out until 1969. Equipped 
with nuclear warheads, these missiles were a strong 
deterrent against any aggression. They were de
ployed in West Germany, Okinawa, and Taiwan.

Other large Air Force missiles that were highly 
publicized but were phased out after the first pro
duction were the SM-62 Snark, the GAM-63 
Rascal, and the GAM-87 Skyboit.

The Snark was a long-range strategic weapon 
with turbojet propulsion. The Rascal was designed 
as an air-to-surface missile for strategic use within 
a 90-mile range. The Rascal was too dangerous a 
load to carry on bombers because of the liquid 
fuel system needed for its rocket engines. The 
Skyboit held the most promise during this period 
to fill the need for an IRBM (intermediate range 
ballistic missile). The Skyboit featured a stellar- 
supervised (star-tracker) inertial guidance system 
.that was highly accurate over a long range.

All of the missile programs that have come and 
gone have served as a basis for the constantly 
improving research and development programs 
for the current missiles.

The research program is a continuing process, 
not only for the production missiles, but also for 
the many individual system components. The pro
gram of component research is based on realizing 
major aims and overcoming problems which are 
inherent in the development of a missile system. 
Research has resulted in the development of de
pendable solid rocket motors that provide reliable 
high altitude, supersonic operation. This develop
ment has made it possible to store a completely 
fueled missile in a silo for extended time periods 
with minimum reaction time. It is not necessary 
to store the fuel separately and load it prior to 
launching the missiles. The complex fuel storage 
and transfer systems associated with liquid pro
pellants are not required. Gas turbine and other 
jet engines are rapidly becoming obsolete for 
missile propulsion because of altitude and speed

1 July 1972

limitations. Continued research is being done to 
increase the reliability of propulsion systems and 
to develop more powerful solid propellants having 
safer handling and storage characteristics. Large 
powerful motors with solid propellants are being 
developed that can be reliably shut down and 
restarted at will.

Reliability of the guidance systems is always a 
primary subject for research. The major effort is 
for improvement of components of inertial sys
tems, star trackers, and radar and infrared homing 
systems. The introduction of lasers has now 
opened up a new field which holds great promise 
for accurate guidance.

Ouidftd MlistU Classification

In much the same manner as aircraft, missiles 
are typed by their general characteristics grouping. 
Such a grouping may show in what manner a mis
sile is used; but it will not identify a particular 
missile. This general classification makes use of 
three items: launch environment, target environ
ment (or mission), and type of vehicle.

Launch environment may be air, ground, under: 
ground, or underwater. Thus the letters are “A” 
for air, MG*’ for ground, “L” for underground or 
silo launched, and “U" for underwater. The second 
letter is used to designate the target environment 
or mission. This letter may be ‘T* for interceptor, 
“G” for surface target, or WQ” for drone. The third 
letter designates the type vehicle as for mis
sile, or “R” for rocket Some examples of this 
general classification are as follows:

AIR— air-interceptor rocket
AGM— air-to-surface missile
LGM—silo launched surface-to-surface 

missile
UGM— undcrwatcr-to-surface missile

The tables 1-2 through 1-5 give more complete 
designations. The uniform system of designations 
may also be found in AF Pamphlet 82-1, Army 
Pamphlet 700-6 and NAVAIR Instruction 13100, 
for the Air Force, Army, and Navy respectively. 
In addition to the general designator for missile 
identification, additional items of information may 
be included as follows:

1. Status prefix
2. Launch environment
3. Primary mission

AFM 52-31
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Tab/*  1-2. Sfafoj Pro fix Symbols

letter TITU description

J SpKtai T*it 
n«np<wary)

This Itttir ii reserved for vthklil on ipeclol lift program! by Authorized or- 
gonizoMoRi. Jor*e vehicle i, porticuVorty those on bailment coflfroct, may have 
a ipedai configuration to accommodate thfs left Upon completing the leir, 
lliti# vehidci will iilh«r bi nluriifd to ibefr original configuration or be re* 
turned to Hanford operational configuration.

N Jpicial Tett 
(Permanent)

Thii letter It uMd for verlclai that undergo special tottrng program fey author* 
bed organization!. As above, iheie Indude vohldei on b*Hft>ent contract. 
Vehicle configuration! pro iq drditkaily changed that they cannot practically 
or economically be returned to the original or ftandord ^pirolioidl con
figuration̂

X Tap trim »rt>oV Trm *» ftmftfld to a r.Md. in ill <S.v.1op«Wa1 o r .np.rirr.nla1 t*ag. 
wk.i. 1h« bail. »yp. and *«rl.i bo*, ba.n d.iignaf.d. Tbfi vibld. hai fl©l yoi 
bnn HtoblUhad ai o standard ««hid. for i«mrl(. M*.

Y Prototype Thli letter ii *#en on vehicle! which hove been procured In limited quentltfe* 
fn order to develop ihe potentialftlei of ihe model. "

Z Ho* ring IVu Vetter \t vied Vo identify a vehkVe during Vfi planning and predevetopment 
■tog*.

4. Vehicle type
5. Vehicle design aumbet
6. Vehicle series
7. Manufacturer’s code
S. Serial number

Items 1 through 5 may be stenciled on the mis
sile itself. Items 6 and 7 are important particularly 
to missile maintenance personnel. The letters "X ” 
and "Y ,"  which are status prefix symbols, are used 
to identify experimental and prototype vehicles, 
respectively. Other prefix symbols and when they 
are used ace shown, in table 1-2.

Missile designators, when the occasion war
rants, will have a status prefix symbol but not nec
essarily a launch environment symbol. A typical 
designator is shown below for an early Minuteman 
missile. Note that it contains tight items of essen
tial information.

J—Status prefix symbol
L—Launch environment symbol

G—.Mission symbol 
M—Vehicle type symbol 
30—Design number 
B —Series symbol 
BO —Manufacturer’s code
00003— Serial number

Table 1-3 shows the various methods of pro
tecting, storing, and launching a military rocket or 
guided missile. Rocket systems employed (or lioe- 
of-sight fire against ground targets are not in
cluded. Some typical examples of missile desig
nators are given in this table.

Note that several missiles are designed for sim
ilar tasks; only the method of launching differs. 
This similarity is noted by the second symbol with 
the missile designator. These tasks or missions are 
given in table 1-4 along with their characteristic 
identifying letter and description,

la  the last example given m table 1-4, a missile 
bearing this designator would be a weather probe.
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Tab/* }-3. Launch Envfronm*rrf Symbo/s

l*t  '  

LETTER rm e DESCRIPTION

A Air launched from aircraft while In flight, 

tconplei AOM-4JA ( S h t l k * )

ft Muhlplt Capable ef btlng launched from more than on# oovkomoerri. 

Examples BQM 24A fflnbe#;

C CoM k Horizontally itorad In «  prot*<Hvn (Hidotur* and launched (ran tb* ground. 

Eunp ltt COMOSB fAtac*;

F Isdlvlduol Carried by on# man

E*e»pl#i XPIM ( W $ y )

*

H Silo Star** Vertically stored bolow ground level and launched from the ground. 

Eiampici HOM-2SA ( T i t o * )

L SHo Launched Vertically stored and launched from below ground level, 

fccemplec LOM40O {MJn*fema» M l )

M Mobil* launched from a ground vehlde or movable platform. 

Examples MIM-2JA K (Hewk )

F Soft Pad Partially or nonprotected fn itorage ond bunched from the ground* 

Examples f O M  \ 7 A  (TfcerJ

1 Ship launched from a surface vessel such as o ship, barge, etc. 

Examples PlM^dA fSea Mauler)

U Underwat* r L*un4h from a ivbmarln* or pthnr vndnrwatar dtvico. 

Emmplm UOM-27C ( f o l a r l t )

1-11
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Tab/® }-4. Minion Symbols

'  2nd  

LETTER TITLE DESCRIPTION
*

D Decoy Vehicle* deilgned of modified la confute, deceive* of divert enemy defentet 

by simulating an attack vehicle.

Example* ADM-20A fQvoifJ

E Special

Electronic

Vehicle* deilgned of modified with electronic equipment for tommynkotione, 

countermen tv ret, electronic radiation founding, or othor electronic recording 

or roloy mission*.

Example: XFEM43B fXn/e/e)

0 Sorfo<*

Attack

Vehicle* deilgned to deitrey enemy land of sea targets. {See examples In 

Table 1-3.)

1 Intercept-

Aerial

Vehicles designed to Intercept aerial targets In defensive or offensive roles. 

Example: AIM-9! fS/dewinder)

Q Droit* Vehicle* designed for large#, reconnaissance, or surveillance purposes. 

Example* §QM~34A fW rsin )

T Training Vehldos designed or permanently modified for training purpose*. 

Example: ATM-121 rieflpupj

U Underwater

Attack

Vehidoe designed to destroy enemy submarine* or other underwater forgets. 

Example: UUM-dAA (SUMOC)

w Weather Vehicle* designed to observe, record, or relay data pertaining to metearologl- 

cal phenomena.

Example* PWN-3A

M 2
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Table 1 -5. Vehicto Type Symbols

3rd
LETTER TITLE DESCRIPTION

M Ouldid M iuli A h  thv ihird letter In a nlisili designator, it Identifies on unmanned, itif* 

propelled vehicle. Such o vehieJe St designed to move in o trajectory which 

may bo entirely or partially above Iho earlh'i surface. While in motion this 

vohide con be controlled remotely or by homing lyvlemt, or by Inortlol and/or 

programmed guidance from within, The term "guided missile" does not in

clude ipace vehicles, space boot ten, or naval torpedoes, bul (1 does include 

target and recon no Its once drones. (See table Id.)

■*

N Probe The teller " N "  It used to indicate nonorfaital Instrumented vehicle* which are 

not Involved In space mhiioni. These vehicles are used to penetrate the space 

environment and Iransmif or report bock information.

R Rocltct This IdonHRai a self-propelled vehicle without Installed or remote control guid

ance mechanisms. Once launched, Ihe trajectory or flight path of such a vehicle 

cannot be changed.

Exomptei AJR-2B (Super Genie)

Such a missile is not intended to go into orbit 
about the earth as, for example, the weather satel
lite Tiros. Table 1-5 shows the types of vehicles 
which have a combat-related mission.

The last two items of a missile designator are 
the design number and series symbol. Each vehicle 
type of the same basic design is identified by the 
same design number. Where more than one design 
is present for a single vehicle type, consecutive de
sign numbers are assigned. When major modifica
tions are present in a vehicle type, then each modi
fication is indicated by a sequential letter; e.g., 
A, B, etc.

There is another way in which aerospace and 
other vehicles are identified. This is by the weapon 
system designator which consists of the letters 
“WS” followed by the appropriate numbers to 
pinpoint the desired weapon.

Actually the weapon system designator, as It is 
used in the Air Force, is intended to identify all

related facilities, equipment, material, services, and 
personnel required solely for the operation of a 
particular aerospace vehicle and its major ele
ments. For example, the Mace is the main aero
space vehicle of Weapon System— 309A. The 
major elements of this weapon system are the mis
siles, the launch facility, aerospace ground equip
ment, facilities, and personnel qualified in the 
loading, handling, testing, maintenance, and 
launching of the missile. As an instrument of com
bat, a weapon system becomes a self-sufficient 
unit of striking power in its intended operational 
environment. Here are some typical weapon sys
tems, with the major aerospace vehicles by their 
popular names.

WS-107A-2
WS-131B
WS-133A
WS-200A
WS-208A

Titan
Hound Dog 
Minuteman 
Bomarc 
Falcon

M 3
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WS-22IA
WS-3D9A
WS-315A-1
WS-32IA
WS-429L

Sidewinder 
Mace 
Thor 
Dull pup 
Firebee

The last entry, Firebee, is a drone vehicle which 
is specially designed and developed for target 
missions. Other drones can be made of conven
tional aircraft which are fitted with a guidance 
system for remote control. Their official vehicle 
designator is then prefixed by the letter “Q," as 
for example QR-47 or QF-SQ. Missiles can. also 
be used for target missions, as for example the 
Navy’s Regulus vehicle which is an aerodynamic 
missile.

The term "aerodynamic missile" brings up still 
another method by which aerospace vehicles are 
classified. In this method, all missiles are either in 
the ballistic missile classification, or in the aero
dynamic missile classification.

Essentially the difference between the ballistic 
missile and the aerodvnamic missile lies in the fact 
that the former does not rely upon aerodynamic 
surfaces to produce lift and consequently follows a 
ballistic trajectory when thrust is terminated. 
Aerodynamic missiles have a winged configura
tion; examples of such vehicles are the Hound 
Dog and Mace. The term "ballistic" leads to yet 
another method of identifying and describing some 
aerospace vehicles.

In common usage today are the following ab
breviations which use the term "ballistic missile" 
in the sense that the type of missile and its capacity 
are indicated.

ICBM—Intercontinental ballistic missile 
1RBM— Intermediate range ballistic missile 
AICBM—Anti-intercontinental ballistic 

missile
FBM—Fleet ballistic missile
MMRBM—Mobile mid-range ballistic missile
ALBM— Air-launched ballistic missile

The range has much to do with using this kind 
of missile designator, which, like the point-to-point 
designator, is used with the vehicle's popular 
name. Ballistic missiles capable of attaining very 
long range (over 5000 nautical miles) or intercon
tinental range, are given the ICBM designator. 
Currently, these are the Minuteman and Titan mis
siles. Figure 1-2 shows the first test launch of the

Titan missile. The Thor, Jupiter, and Polaris mis
siles are all classified as IRBMs.

All of these IRBMs arc capable of reaching the 
upper limit of intermediate or mid-range which is 
1500 nautical miles. Lower-limit of this range is 
300 nautical miles. Missiles with less than a 300- 
mile range, such as those in the U. S. Army weap
ons inventory (Pershing, Sergeant, Hawk, etc.), 
are considered short-range weapons.

The last item on the list, ALBM, has nothing to 
do with the range capability of a particular ballistic 
missile. Rather, this abbreviation deals with the 
concept of launching a ballistic missile from a 
moving aerial platform which would be difficult 
for an enemy to track or destroy. This is similar 
“lo the Pofom missile which can be launched from 
continually roving submarines. The latest Air 
Force missile that could be designated as an 
ALBM is the AGM-69A SRAM which is air- 
launched to a ground target.

Missiles are sometimes referred to according to 
their airspeed relative to the speed of sound and 
their type of propulsion system. Generally, the 
highest rate of airspeed that can be reached safely 
and still assure correct operation is considered as 
that missile’s classification. At best, this is only a 
general means of classification since the airspeed 
is related to the speed of sound (or Mach 1) 
which varies with respect to ambient air tempera
ture. There are only lour possible groups which 
are considered in classifying a particular missile 
by this means:

1. Subsonic—airspeeds less than Mach 1
2. Sonic— airspeeds equal to Mach 1
3. Supersonic—airspeeds ranging between 

Mach 1 and Mach 5
4. Hypersonic—airspeeds exceeding Mach 5

Almost all AIM and SAM missiles can be 
placed in the supersonic classification since mod
ern military aircraft ace capable of attaining Mach 
1 speed. Some NASA (National Aeronautics and 
Space Administration) vehicles are used as satel
lite launch vehicles. To overcome the earth's grav
itational influence, these vehicles must attain a 
velocity of from 4.9 miles per second (18,000 
mph) to 7 miles per second (25,000 mph) de
pending on the purpose of the payload. This speed 
would place satellite launch vehicles in the hyper
sonic classification- At the present time, very few

1 July 1972

1-14



1 July 1972 AFM  52-31

Figure 1-2. Fitst Test Launch of Titan Missile

missiles are found in the subsonic or sonic classi 
licuiion. Typical among these slower vehicles are 
the /(I'lfulus and M ace—which are also known as 
“air breathers.”

The term “air breathers” pertains to the kind 
ot propulsion unit upon which a missile must de
pend as its main source of power. In this ease, the 
form of powerplant must use oxygen front the at

mosphere to support fuel combustion inside its jet 
engine. In many instances, an air breather may 
obtain its initial launching speed from a solid pro
pellant rocket motor known as a booster. Once 
the proper cruising speed for which the vehicle 
was designed is reached, its main or sustainer en
gine takes over for the remainder of the Might. 
This engine uses liquid fuel (not to he confused
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with liquid propellant that ls used in some missile 
rocket engines). Basically, the propulsion system 
method of missile classification is very simple and 
currently includes the following three categories:

1. Air breathers
2. Liquid propellant (chemical rockets)
3. Solid propellant

Each of the last two missile classifications could 
be further subdivided into single and multistage 
groupings which would include missiles with one 
©i more propulsion units at each stage. Each stage, 
after the propellant is consumed, drops away and 
the next stage ignites to propel the missile on its 
flight As a result of research and development 
programs conducted by the Government and by 
private industry, two more categories may he add
ed to the three given previously—-electric and nu
clear rockets.

Classification as to the type of guidance system 
contained in the missile is quite often used to dif
ferentiate between aerospace vehicles. The two 
basic categories would be unguided missiles, such 
as free-flight rockets, and guided missiles which 
would contain one or more of the following sys
tems:

S. Command guidance (wire, radio, or radar)
2. Inertial guidance
3. Position-fixing guidance
4. Seeker or homing guidance

The simplest command guidance system uses 
fine wires over which the proper navigation signals 
can be relayed from the carrier aircraft to the air
borne weapon. Both the U.S, Army and Navy 
have used this kind of system to guide certain of 
their missiles.

Some guided missiles may contain combinations 
of the above systems. One such missile, the Bo- 
marc, had a command guidance system which 
controlled the weapon from the ground to the ap
proximate altitude and general area of a hostile 
aircraft, whereupon the Bomarc’s  own homing 
system then took over.

The mam disadvantage of the command system 
is that it may be subject to enemy electronic coun
ter-measures. This is not the case with a dead
reckoning or inertial guidance system. Extreme 
accuracy is possible with this type of guidance 
system since only the precise locations of the 
launching site and the target are needed. All other

factors, even those which may vary (wind, speed, 
etc.), are compensated for os the missile streaks 
toward its fixed target. Most ICBMs and IRBMs 
use some form of an inertial guidance system.

Again a combined inertial and position-fixing 
guidance system may be used. The latter may oc
casionally refer to a map, chart, or star to check 
the missile trajectory. Infrared seekers and radar 
homing devices are employed in guidance systems 
for many AIMs such as the Falcon, Sidewinder, 
and Sparrow missiles mentioned previously.

Newspapers and trade journals make constant 
use of a missile's popular name and the abbrevia
tions 1CBM or 1RBM, as the case may be, as well 
as the point-to-point designator, either in its ab
breviated form or id its completely spelled out 
form. To talk shop effectively and easily and to 
keep abreast of the continual changes in the missile 
field, you should become familiar with all of the 
methods of classifying aerospace vehicles.

summahy

As unguided missiles, the use of rockets had 
been known a$ far back as A.D. 1232 when they 
were employed to repel the Mongol besiegers of 
the city of Pein-King (Peiping). Since that time 
and in one form or another, rockets have been 
used as weapons and machines of war, for amuse
ment through their colorful aerial bursts, as life
saving equipment, and for communications or 
signals. The lack of suitable guidance and control 
systems may have accounted for the rocket’s slow 
improvement over the years. Strangely enough, 
it was the airplane rather than the rocket that 
stimulated the development of a guided missile as 
it is known today.

In this country, Kettering’s Bug is considered to 
be the first guided missile. Lacking sufficient range, 
the Bug never became an operational weapon. In 
the time between the two World Wars, rocket and 
guided missile developments were greatly over
shadowed by the feats and records accomplished 
by aircraft.

The apparent success of the German V-l mis
sile against such large land targets as the cities of 
London and Antwerp had much to do with stimu
lating development of guided missiles in Japan and 
the United States. Since several countermeasures 
could be applied against the V-l missile, the de
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vclopment of the V-2 was stepped up. The fact 
that a V-2 could impact on its target unannounced 
and with tremendous speed pointed out the im
portance of guided missiles as a new weapon of 
war. Success of the V-2 missile came too late to 
affect the outcome of the war in favor of Ger
many. After World War II, several nations pushed 
development of guided missiles, both as military 
weapons and as instruments of science to probe 
outer space.

In this country, the rapid and numerous devel
opments of various types of aerospace vehicles 
were guided by the government which stimulated 
research by private industry. Larger ballistic mis
siles can travel over intercontinental distances with 
extreme accuracy, while other missiles with short

ranges possess a high degree of mobility and flexi
bility. Still other missiles are capable of placing 
instrumented satellites into orbits to approach 
other planets for scientific studies of their surfaces.

With so many missiles available for such a va
riety of missions, many methods of classifying and 
designating each missile arc available. The most 
popular designator is, of course, the popular name 
of the missile. Another designator, the point-to- 
point method, is frequently used.

Guided missile research and developments cover 
many fields as, for example, electricity, electron
ics, chemistry, metallurgy, and aerodynamics. The 
next chapter presents aerodynamics and what ef
fects it has upon guided missiles.
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Missile Aerodynamics

The detailed study of air in motion and the 
mathematical analysis of the various forces pres
ent are involved and lengthy. Such detailed study 
is necessary only to the aeronautical engineer and 
designer. This presentation is confined to those 
basic theories and principles necessary for you to 
understand the effects of aerodynamic forces on 
missile structures.

PHYSICS OF FLIGHT

In a study of aerodynamics, you must under
stand several basic laws of physics. Once you 
understand these laws, applying them to the par
ticular problems of missile aerodynamics becomes 
relatively simple.

Missile aerodynamics are generally the same 
for subsonic or supersonic flight. In fact, generally 
speaking, aerodynamics are the same for any craft 
that is intended to fly. Because of the rapid ad
vancement in speeds and altitudes, new concepts 
and problems continually arise, such as the prob
lem of the shock-wave which occurred when sonic 
(speed of sound) speeds were reached. Other 
problems which have been encountered are those 
concerning pressures and temperatures at ex
tremely high altitudes.

hirst, we consider phenomena common to sub
sonic and supersonic speeds.

Relativity of Motion

The first things to consider in the study of 
aerodynamics are the forces which act on a body 
that is moving through the air. If you watch an 
airplane flying overhead, it appears that the air 
is standing still and the airplane is moving. In

this case it seems that the opposing force on the 
body is due to the velocity of the body moving 
through the air as illustrated by the ball in figure
2- 1.

If you are riding in the airplane, it seems that 
the airplane is standing still and that the air is 
moving. This is illustrated by the ball in figure 2-2.

Figure 2-1. Observation from Stationary Point

Figure 2-2. Observations from Moving Point
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The preceding paragraphs explain the concept 
of relativity of motion. In either case the forces 
exerted on the body by the air are the same. This 
principle may be stared as: The force exterted by 
the air on a body does not depend on the absolute 
velocity of either one but only on the relative 
velocities between them.

In the study of aerodynamics, this principle is 
put into practice by the use of wind tunnels in 
which the aircraft is held stationary and high wind 
velocities are made to pass over it. This simplifies 
the study of the forces acting on the airframe, and 
test aircraft and missUes can be virtually 1"flown” 
while they are actually standing still.

Forces Acting on o Missile
Numerous forces act on all parts of a missile 

due to air resistance, gravity and other factors. 
Consider again a body moving through the air at 
a certain speed. There are four forces present. 
One is the force the body exerts on the air in 
moving forward. In opposition to this is the force 
the air delivers to the body. The other two forces 
are—the force of gravity which is pulling the 
body toward the center of the earth and the force 
the body exerts in the opposite direction to keep 
itself aloft

f o r c e
OPPOSING
MOTION

FORCE OP 
GRAVITY

FORCE
OPPOSING
ORAVTTY

FORCE DUC 
TO MOTION

figon  2-3. Forces Acting on Body Moving Through
Ah

In figure 2-3, the body will not move if all 
the opposing forces are equal; instead the body 
will remain in a state of equilibrium. If any of the 
forces acting on the body are not equal, a move
ment will result in the same direction as the great

er force. For example, the ball in figure 2-4 is a 
representation of the forces acting on a body. The 
lengths of the vector arrows indicate the magni
tudes of the forces, and the arrowheads point in 
the direction of the forces. Force “B” is greater 
than opposing force “A”. Force 4,D° is greater 
than the opposing force "C '\ As indicated, the 
body will move in the direction indicated by the 
large arrow.

A =*C
l  GREATER THAN A 
D GREATER THAN C

figure 2-4. Unequal forest Ading on Body

Figure 2-4 illustrates what is known as vector 
representation of the forces acting on the body. 
Any number of forces may be shown by a vector 
representation and can be resolved, or simplified, 
into resultant forces to determine what effect may 
result. Force diagrams are essential in designing 
structures that are to be subjected to a number 
of different forces.

In the previous paragraph, as well as later in 
this manual, reference is made to vector represen
tation and resultant motion or force. A brief re
view of vectors is presented in the following 
paragraphs.

A vector is defined as a graphic representation 
of quantity having two characteristics, direction 
and magnitude. Figure 2-5 illustrates vectors and 
their uses.

Suppose you wish to indicate the effect of two 
or more forces acting at angles to each other. 
Figure 2-5B illustrates this condition. If a parallel
ogram is constructed as shown by the dotted lines 
and a line is drawn connecting the original point 
of the vectors to the opposite corner of the parallel
ogram, the resulting diagonal will represent, both 
in direction and magnitude, a single force which

f
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would produce the same effect as the two origi
nal forces. This diagonal is the resultant.

The science of vector analysis can become 
quite complicated, but the above information is 
adequate for our application to the forces ex
plained in this manual.

Newton’s Laws of Motion. Now examine 
three basic laws of physics known as Newton’s 
laws of motion.

The first law states: “A body in a state of rest 
remains at rest, and a body in motion tends to 
remain in uniform motion unless acted upon by 
some outside force." This law tells us that when
ever there are unequal forces upon a body, the 
body must move. After the body is in motion, 
it will stay in motion as long as there is no force 
present to change that motion. For example, if you 
push against a book lying on a table, you find 
that there is a certain amount of force required 
to overcome friction to set the book in motion. 
If you could eliminate all of the restraining forces 
acting on the book once it is in motion, the book 
would continue to move uniformly until acted 
upon by some outside force. These restraining 
forces are the main concern in the study of aero
dynamics.

Newton's second law states: 4T he rate of 
change in the momentum of a body is proportional

MAGNITUDE

POINT Of APPLICATION DIRECTION

FORCES EQUAL AND OPPOSITE 
RESULTANT ZERO

FORCES EQUAL AND OPPOSITE 

RESULTANT ZERO 
A

t
Figure 2-5. Vtcfors

to the force acting on the body and is in the di
rection of the force."

His third law states: "To every action there is 
an equal and opposite reaction." If a force is ap
plied, there must be a reaction opposite to and 
equal to the applied force.

Definition of Force. What is meant by a 
“force applied"? Consider a pound of air moving 
in some direction. The pound of air is capable 
of producing a force. The force of that pound of 
air is directly proportional and equal to the weight 
and the velocity change. This can be stated simply 
as: Force =  Mass X Acceleration, or F =  ma.

Since air has mass, once air is put into motion 
it is capable of applying a force.

Whenever a force is applied through some dis
tance, work is done. In simple form: Work = 
Force X  Distance, or W =  Fd.

Any mass in motion is capable of applying a 
force to another body and thereby doing work. 
Whenever the motion of a mass is changed, there 
is a change in its momentum.

Eddies. When air moves over a surface, a cer
tain number of particles of the air tend to rebound 
or swirl past the surface as shown in figure 2-6.

Figure 2-6. Eddies from Airflow over Flat Surface 
at flight A n g le  to Airflow

The turbulence of swirling particles is known as 
eddies. The number of eddies depends on such 
factors as smoothness, size, and shape of the sur
face. The number of eddies also varies with the 
angle the surface makes with the air, with relative 
speeds, and with the density of the air.

L ift and Drag. Because of the friction be
tween the mass of air and the inclined surface 
as illustrated in figure 2-7, there is a force which 
tends to move the surface parallel to itself. There 
is also a force perpendicular to the surface, caused 
by the deflecting airstream. These combined forces 
give a resultant force backward in the direction
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figuru 2-7, Forest Acting oi> Flat Syrfoc* in Air stream

of the moving air mass. Breaking this resultant 
force down, we have one force with its vector 
perpendicular to the moving mass of air called lift 
and another force parallel to the mass of air called 
drag. The angle that the mass of air makes with 
the surface l& called the angle of attack. The figure 
shows the forces which make up the resultant 
force on the surface at a particular angle of attack.

Bernoulli’s theorem. Scientist Daniel Bernoulli 
discovered that total energy in any system remains 
constant. In other words, if one element of any 
energy system is increased, another decreases to 
counterbalance it.

Before applying Bernoulli’s theorem to a wing 
section, consider what happens to a baseball when 
a pitcher throws a curve. By snapping the wrist, 
the pitcher puts a spin on the ball. Alter leaving 
the pitcher's fingers, the ball has two motions as 
shown in figure 2-8. The ball is turning on an 
axis perpendicular to the line of motion but 
parallel to the ground, and it is moving forward.

These two motions of the ball cause different

velocities of air to rush around the ball. Now, on 
the side of the ball that is turning into the rush 
of air, the relative velocity of the air is slower 
because the surface spin of the ball is in the same 
direction as the ball was pitched so it partly 
counteracts the speed of the air rushing past it. 
On the side of the ball which is turning away from 
the rush of air, the velocity of the spinning air 
and the velocity of air flowing past the ball are 
in the same direction. The relative velocity of the 
air is greater on the side of the ball which is 
turning away from the rushing air.

Keeping in mind that Bernoulli's theorem states 
that total energy in a system remains constant, it 
becomes evident that if the speed of air over a 
surface is increased, the pressure exerted by the 
air on the surface must decrease, thus keeping the 
total energy constant. Conversely, decreased speed 
of air over a surface must result in ncreased 
pressure on the surface.

Returning to the pitched baseball, you now can 
see that unbalanced pressure is exerted on the

Figure 2-8. Theorem Applied to Pitched Baseball
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spinning ball. On the side of the ball turning 
away from the rushing air, the pressure is de
creased because the speed of the air is increased, 
while on the other side the pressure is increased 
because the counteracting air has decreased the 
total speed of the air.

The building up of the lift force on an airfoil 
differs only in application from the pitching of a 
curve ball. Notice that the top surface of the wing 
section shown in figure 2-9 has greater curvature 
than the lower surface.

1 July 1972

clinging of air to an airfoil, such as a wing, is a 
serious problem in aircraft design. Lift depends 
upon circulation around an airfoil. When circula
tion is restricted, lift is reduced. Boundary layer 
drag can be reduced by polishing the airfoil sur
face and by eliminating such protrusions as rivets.

Now that you are familiar with the basic laws 
of physics which are involved in flight, you are 
ready to consider other factors contributing to 
aerodynamics.

JMtdV* VUOCmj JNCR&ASEDj'̂ i.T V* — .......r.1 *■ * * 4

Figure 2-9. Airflow Over Wing Section

The difference in curvature of the upper and 
lower surfaces of the wing builds up the lift force. 
Air flowing over the top surface of the wing must 
reach the trailing edge of the wing in the same 
amount of time as the air flowing under the wing. 
To do this, air passing over the top surface has to 
move at a greater speed than air passing below 
the wing because of the greater distance the air 
must travel via the top surface. The increased 
speed means a corresponding decrease of pressure 
on the surface. A pressure differentia] is created 
between the upper and lower surfaces of the wing, 
giving it lift.

You now can see that lift force is created by a 
change of momentum in the air mass. In this 
presentation, lift is approached from either the 
standpoint of increased pressure on the under sur
face of an airfoil or from the standpoint of in
creased speed of the airstream passing over the 
top surface.

Always keep In mind that whenever an object 
changes its direction or rate of motion, unequal 
forces are acting on it.

Boundary layer. Boundary layer refers to a con
dition occurring as a result of friction between 
an airfoil surface and the air moving past it. This

PROBLEMS OF AERODYNAMIC FORCES

A presentation of the problems of aerodynamic 
forces involves several flight terms which you need 
to understand. A few of these terms are explained 
in the following paragraphs.

Basie Flight Terminology

The following explanations of flight terms are 
intended to give the basic meanings of the terms; 
they are not an engineer's definitions.

Airfoil. An airfoil may be described as any 
structure around which air flows in a manner that 
is useful in flight. The most important airfoils on 
an aircraft are the wings. Other airfoils of an 
aircraft consist of tail surfaces and the fuselage.

Drag. The resistance of an object to the flow 
of air around it is called drag. Drag is due in part 
to the adhering of air to a surface (boundary 
layer) and in part to the piling up of air in front 
of the object. One of the main objectives in aero
dynamics is to reduce this resistance yet main
tain a high amount of lift and stability.

Streamlines. The paths of air particles as 
they flow past an object are called streamlines. 
Note figure 2-10.

EDOIES

Figure 2-TO. Sfream/me Flowing Past Spherical Body
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The streamlines travel both above and beneath 
the spherical body. In the case of a wing, the 
streamlines must travel a greater distance and 
move with greater speed over the top of the wing. 
The increase in speed over the top of the wing 
results in decreased pressure on the upper curved 
surface of the wing. When a winged aerospace 
vehicle is traveling through the atmosphere, the 
decreased pressure on the upper surface of the 
wing is less than atmospheric pressure.

Wtng Span. Wing span is the measured dis
tance from the tip of one wing to the tip of the 
other.

Chord. The distance from front to back of a 
wing is called the chord as illustrated in figure
2-11. The chord usually varies in length along

CHORD ------------------

Figure 2-IT. Measurement of Chord on Wing
Section

the wing, so that we usually speak of the average 
chord. The average chord is considered to be the 
ratio of the wing to the wing span. For example, 
if a wing has an area of 48 square feet and a span 
of 16 feet, the average chord would be determined

by dividing the area (48 sq ft) by the span (16 
ft). The average chord would be 3 feet.

Camber. Camber refers to the rise of a curve 
of an airfoil section. Camber is usually expressed 
as the ratio of the departure of the curve from a 
straight line joinihg the extremities of the curve 
to the length of this straight line. Upper camber 
refers to the upper surface, lower camber to the 
lower surface, and mean camber to the mean line 
of the section. Camber is positive when the mean 
camber line curves upward, negative when the 
mean camber line curves downward, and there is 
no camber if the mean camber line is straight. 
The sketches in figure 2-12 indicate a chord sec
tion having no camber, and one having a positive 
camber.

A t t i t u d e . Attitude refers to the position of 
an airborne craft in relation to the ground.

S t a b i l i t y , A stable body is one which returns 
to its initial attitude after it has been disturbed 
by some outside force. If outside forces disturb a 
stable aircraft from its normal flight, the aircraft 
tends to return eventually to its original attitude.

Somedmes a body, if disturbed from its original 
attitude, assumes a new attitude Bnd neither re
turns to its origin nor moves any farther from it 
Such a body is neutrally stable. If the attitude of 
a neutrally stable aircraft is changed by an out
side force or change in controls, the aircraft does 
not tend to return to the original attitude. It re-
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Figure 2-73. Flight Attitude of Missiles

mains, instead, in the new attitude until other 
forces influence it.

-A  third type of stability is negative stability or 
Instability. In a case of instability, a body dis
placed from its original attitude tends to move 
farther away. For example, if an unstable aircraft 
is put into a climb, it tends to climb more and 
more steeply until it stalls. . .

Axis. A missile moves about three axes as 
shown in figure 2-13. The vertical line through 
the center of gravity is considered as the yaw axis, 
.the longitudinal line through the center of the 
fuselage is called the roll axis, and the line that is 
perpepcndicular to the line through the fuselage 
and parallel to the wings is called the pitch axis. 
Whenever there is any displacement of the missile 
about any of these axes, the outcome may be any 
of the following actions. .

•  It may oscillate about the axis and return to 
its initial position.

•  It may remain in the new attitude.
« It may increase Its displacement and get out 

of control.
•  It may return to its original position readily 

without any oscillation.

The last possibility, which indicates a stable 
body, is desired. We discuss later how this prob
lem of stability is met.

Dihedral and Cathedral. A dihedral angle 
is the angle formed by a reference line through 
the wing surface and lateral axis of the aircraft. 
This angle lies in a plane perpendicular to the 
longitudinal axis. Cathedral, often referred to as 
negative dihedral, is the angle that the wings make 
in a downward direction toward the wingtips from 
the fuselage. Cathedral is often used on vehicles 
designed for supersonic speed. Study figure 2-14.

DIHEDRAL ANGIE

CATHEDRAL OR NEGATIVE 04HEDRAI

Figure 2-74. Dihedral and Cathedral
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PtabUms 9ertetnlA9 to the Fort* of Air
\

Now that you are familiar with some aero- 
dynamic terminology and have a general idea of 
the forces and actions that are taking place on art 
airfoil, consider some of the more specific prob- 
lems of air forces. Since a wing section is the most 
important of the lifting surfacel, much of the 
following presentation centers around this section-

Relationship of Moo el Missile to Full- 
Size Misstle. Although a model made to perfect 
scale flies in a wind tunnel under nearly the same 
conditions as a full-size missile in the air, the air
flows related to each are not the same. This dif
ference is present because the airznasa force and 
the frictional forces do not follow the same laws. 
The ainnass force follows what is called the square 
law while the friction force follows the direct law. 
The mass force is proportional to:
(Length) X (Length) X (Velocity) X (Velocity).

The friction forces are directly proportional to:
(Length) X (Velocity).

A true relationship hardly ever exists in model 
tests because the forces on a model generally are 
much less than the forces on a full-sl2e missile. 
Because of such discrepancies between model 
tests and full-size operation, full-scale test mis
siles must be built to get a true indication from 
flight test. Differences between the effects of air 
forces on models and on full-size missiles become 
more prominent a t supersonic speeds.

Center op Pressure. On each infinitesimal 
part of a wing surface there is a small force pres
ent. This force is different in magnitude and di
rection from the force acting on any other area 
forward or rearward from this point. It is possible 
to add mathematically all of these small forces. 
The sum of all the tiny forces over this surface is 
called the resultant. This resultant has magnitude, 
direction, and location. The point of intersection 
of the line of direction with the chord is called the 
center of pressure.

In actual flight there are different airspeeds for 
different angles of attack. But if the velocity of the 
airstream i t  maintained constant (ot test purposes 
while the angle of attack is changed, the results 
on a nonsymmetrical wing are as shown in the 
sketches in figure 2-15. The sketches show a wing

section at various angles of attack and the effect 
of the different angles of attack on the resultant 
force and the position of the center of pressure.

The burble point (the stalling angle) referred 
to in figure 2-15, is a point at which airflow over

or wtssyw

‘ figure 2-15. Chong as o f Center of Pr assure ox 
Result of Varied Ang/*x of Attack

the upper surface becomes rough, causing an un
even distribution of pressure.

At small angles of attack, the resultant is com
paratively small. Its direction Is upward and back 
from the vertical, and Its center of pleasure is 
well back from the leading edge. Note that the 
center of pressure changes with the angle of at
tack, and the resultant has an upward and back
ward direction. At a positive angle of attack of 3* 
or 4*. the resultant has a nearly vertical direction. 
Either increasing or decreasing the angle causes 
the direction of the resultant to be farther from 
the vertical.

To determine the amount of force that is ap
plied to a surface, you must first determine the 
mass rate of air that is working on that surface. 
To find the mass rate of air, you must know the 
velocity of the air and the area that it is working 
on. The mass rate of air Is determined as follows*. 
Mass rate =  (Cross section) X (Velocity) X 
(Density), where density, by simple definition, is 
the quantity per uttit volume.
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Suppose a mass of air is moving in a horizontal 
direction and is deflected slightly downward at a 
certain velocity in feet per second. The lift that 
the mass of air exerts in pounds is equal to the 
product of the mass multiplied by the change in 
velocity:
Lift =  (Cross section) X (Velocity) X (Densi
ty) X (Deflection velocity).

This is a simplified formula to compute lift. 
This formula is basic; you will see later that there 
are other factors that must be taken into consider
ation in the computation of lift.
• As you learned before, the resultant force on 
a whig under a particular condition can be de
scribed as two components in two directions, the 
chosen directions being perpendicular and parallel, 
respectively, to the relative wind. These com
ponents, you will recall, are called lift and drag.

Determination of Lift . Lift force depends 
on the contour of a wing, angle of attack, air 
density, area of the wing, and the square of the 
airspeed. The common equation for lift is given as:

L =  Ct  | - S V “,

where L is the lift in pounds, Cl is the lift co
efficient which depends on the wing contour and 
the angle of attack, p  is the air density in slugs per 
cubic foot, S is the area of the wing in square 
feet, and V is the velocity (airspeed) in feet per 
second. (A slug is defined as the mass which 
would receive an acceleration of 1 foot per second 
when it is acted upon by an unbalanced force of 
I pound.)

The coefficient of lift (Cl) and the coefficient 
of drag (Cd) are determined by wind-tunnel tests 
and are plotted as a characteristic curve for the 
particular airfoil under consideration. Figure 2 -16 
shows a typical set of curves on a given airfoil.

To maintain level flight, total lift must equal 
the weight it is supporting. As the angle of attack 
increases, the lift coefficient increases to a certain 
maximum value. The maximum value of the lift 
coefficient is the point where the air no longer 
flows evenly over the wing surface but tends to 
break away. The breaking away (the burble point) 
is called the stalling angle. After the stalling angle 
is reached, the lifting force is rapidly lost, as is 
the airspeed.
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Figure 2-16. Coefficients of lift  (Cl) and Drag (CD) 
Curves of Airfoil

The least possible airspeed occurs when flying 
at the angle of the maximum-lift coefficient. An
other name for this angle of maximum-lift co
efficient is the angle of minimum speed. When 
weight is added to an aircraft, wing loading is in
creased and the airspeed must be increased to fly 
at the same angle of attack as could be flown 
before the weight was added.

“Clipping the wings" is sometimes done to in
crease the speed of an aircraft. This decrease in 
wing area means an increased wing loading, and a 
higher velocity is required for any angle of attack 
as compared with the velocity before the wing 
was reduced.

Determination of Drag. Drag is the resis
tance of air to forward motion. The drag com
ponent of the resultant force on a wing is the com
ponent parallel to the direction of motion. It is this 
force that resists the forward motion. In horizontal 
flight, drag is the force that must be overcome by 
the thrust (the force that is pushing the vehicle 
forward). The drag force (in pounds) is the prod
uct of a drag coefficient, obtained from charac
teristic curves of airfoils, times half the air density 
times wing area in square feet times the squurc 
of the velocity, The drag force in fonhula is

D =  Cn S VJ,
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where C d is the coefficient of drag, p is air den
sity, S is the wing area, and V is the velocity (in 
feet per second). For small angles of attack, the 
drag coefficient changes very little with angle of 
aitack. As the angle of attack increases, the drag 
coefficient increases. The drag coefficient is usually 
quite small in comparison with the lift coefficient.

In addition to the wings on a missile, the fuse
lage, tail airfoils, and other surfaces resist motion. 
The resistance of the parts of a missile which do 
not contribute to lift is called parasite drag. That 
part of the drag of the airfoils which contributes 
to lift is called induced drag. Both parasite and 
induced drag vary as the square of the velocity. 
The function of the driving force is to furnish a 
forward-acting thrust to balance the opposing 
drag.

A force producing an acceleration is an un
balanced force; it is not counteracted by an equal 
force acting in the opposite direction. Such a force 
acting on a body produces an acceleration in the 
direction of the force. If a body is in motion a t a 
certain speed and the forward-actiDg force of 
thrust is just equal to the opposing force of the 
total drag, then there is no acceleration; the ve
locity remains the same.

If the thrust is decreased in magnitude so that 
drag is greater than thrust, an unbalanced back
ward force results. This causes a deceleration of 
forward velocity. Decreasing the forward velocity 
causes a decrease in drag. When the drag force 
has decreased in magnitude until it is equal to 
thrust, there is no further deceleration, and the 
body continues moving at the new, slower ve
locity.

Wing drag varies with air density and as the 
square of the velocity of the missile. In level 
flight, a missile flies faster at altitude than at 
the same angle of attack at sea level. This occurs 
because air density is less at higher altitudes; thus 
the drag on the wing is less and the missile must 
travel faster for lift resulting from the decrease in 
air density. The effect of decrease in density on 
the wing is exactly neutralized by the increase in 
velocity squared. For a given aircraft, the wing 
drag depends on the angle of attack and is in
dependent of altitude. The known drag for one 
altitude is essentially the same at any other alti
tude, provided the angle of attack remains un
changed.

To maintain the forward movement of the wing 
through the air, a force equal to the drag must be 
constantly exerted. This force multiplied by the 
velocity is equal to the power which must be ex
pended in maintaining forward motion. If the force 
in pounds is multiplied by the velocity in feet per 
second, the product is power in foot pounds per 
second. By definition, horsepower (hp) is 550 
foot pounds per second. The horsepower needed 
to move a wing through the air is: bp=D V /550, 
where D is the drag in pounds and V is the velocity 
in feet per second.

Aspect Ratio. In discussing the forces on a 
wing, the area of the wing has been mentioned fre
quently. An area may be in the form of a square 
or a rectangle with different ratios of length of 
sides. There is a difference in the forces on a wing 
depending on the shape of the wing, even though 
the area remains the same.

There is a relationship between the span and 
the chord of the wing. This relationship is called 
the aspect ratio. In a rectangular-shaped wing, it is 
the ratio of span to chord. If the wing is not a 
simple rectangle but is tapered or has elliptic tips, 
the span is still the extreme distance from tip to 
tip but the chord varies from one position to an
other along the spaa. We can either find an average 
chord, or define the aspect ratio as the ratio of span 
squared to the area. In formula this ratio reads: 
Aspect ratio =  bVS, where b is the span of the 
wing and S is the area.

We must know the aspect ratio of a wing to 
fully determine the extent of the forces acting on 
the wing.

Wingtip Vortex. As air flows about a wing, 
the pressure of the air immediately above the up
per surface is less than the air pressure immedi
ately below the lower surface. With the air at 
higher pressure below the wing, air will spill by 
the winglips to the upper surface as shown in 
figure 2-17.

This flow of air from the lower surface combines 
with the normal flow of air, causing a swirl of air 
at the wingtips. The swirl is called a wingtip 
vortex. At each wingtip the action of the vortex 
is to throw the air inward and downward. The 
downflow caused by the wingtip vortices has a 
greater effect in disturbing the ordinary flow about 
a wing with a shorter span than a wing with a 
longer span. For two wings of the same area, the
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THESE COMEtNE TO 
GIVE WINGTIP VORTEX WINGTIP VORTEX

Figure 2-17. How Wingtip Vortices are Formed

wing with the smaller aspect ratio has a shorter 
span than a wing with a larger aspect ratio. Wings 
with large aspect ratios are less affected by wingtip 
vortices than wings with small aspect ratios.

In analyzing the effect of the wingtip vortices, 
consider the drag of the wing as being made up of 
two parts, called profile drag and induced drag. 
Profile drag is essentially the skin friction of air 
on the wing and is practically independent of the 
angle of attack and the aspect ratio. Induced drag

Figure 2-18. Effect of Aspect Ratio on Wing

is related to the downflow of the wingtip vortices. 
The magnitude of induced drag depends on both 
the aspect ratio and the angle of attack.

Since the total drag of a wing is the sum of its 
profile drag and its induced drag and since the 
induced drag changes with various aspect ratios, 
the total drag changes with various aspect ratios. 
With higher aspect ratios, the effect of the wingtip 
vortices is to give the same lift coefficient as 
smaller angles of attack. The net result of changes 
in aspect ratio is shown in figure 2-18. For a given 
aspect ratio at any one angle of attack, the lift co
efficient is greater and the drag coefficient is less 
than for a wing of smaller aspect ratio.

The figure shows that from a theoretical stand
point the biggest possible aspect ratio is most de
sirable, but for practical reasons of structural 
strength the aspect ratio is seldom greater than 
8.5 for aircraft.

C o n t r o l  A b o u t  t h e  T h r e e  A x e s . Aircraft 
must be constructed in such a manner that thevm
will fly a course without continual correction in 
direction. Such stability is made possible by de
vices that control an aircraft about its three axes.

Stability about the vertical axis. Stability about 
the vertical axis is commonly provided by a vertical 
fin. If an aircraft tends to turn to the right (yaw 
to the right), the pressure on the left side of the 
fin is increased. This increased pressure resists the 
rotation and forces the tail to the opposite direc
tion.

In conventional aircraft, the fin may be divided 
and have a movable part called the rudder that is 
used for directional control. In addition to the 
rudder, there may be trim tabs that can be set for 
a particular direction of flight relative to prevailing 
air currents. The tabs compensate for the unbal
anced air forces on the rudder when the wind di
rection is not directly from the front or rear of 
the flight path.

Along with the fin, the vertical sides of the 
fuselage act as stabilizing surfaces. The same ac
tion takes place here as on the fin.

Another means of obtaining yaw stability is by 
sweepback of wings. Sweepback is the angle that 
the leading edge of a wing makes with the longi
tudinal axis of the missile measured from the nose. 
If a missile yaws to the right, the leading edge of 
the left sweepback wing becomes more perpen
dicular to the relative wind while the right wing
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becomes less perpendicular to the relative wind. 
This condition places more drag on the left wing 
and less on the other. The unbalanced drag tends 
to equalize, forcing the missile back to its original 
attitude.

Stability about the longitudinal axis. Stability 
about the longitudinal axis is provided in a missile 
by dihedral and the position of the wing.

Dihedral produces stability by causing a change 
of lift on the wing surfaces. As a missile starts to 
roll, it will sideslip slightly and thus create a rela
tive wind component. This component increases 
the lift on the lower wing and decreases the lift on 
the higher wing. The lift increases on the lower 
wing because the angle of attack becomes greater 
on that wing.

The positioning of the wings at the time an air
craft is constructed is another means of obtaining 
stability about the longitudinal axis. An aircraft 
has greater stability if the center of lift on the 
wings is placed above the aircraft center of gravity 
than if placed below the center of gravity. Aircraft 
generally are Classified according to four wing 
types: low-wing, mid-wing, high-wing, and para
sol-wing.

Stability about the lateral axis. Stability around 
the lateral axis U called pitch stability. Pitch sta
bilizing is accomplished by a horizontal surface at 
the tail of the aircraft. This surface is known as 
the stabilizer. The stabilizer may be considered as 
consisting of two sections: the stationary part as 
the stabilizer and the movable part as the elevator. 
Stability with reference to pitch is accomplished 
by the increasing forces present on the tail sur
face when the aircraft changes its angle of attack. 
For example, if a missile tends to nose downward, 
the force on the upper surface of the stabilizer 
would increase, forcing the tail down and bringing 
the missile back to its original attitude.

Elevator tabs are used to correct for any exist
ing factors causing pitch, just as the trim tabs are 
used in the case of the rudder.

Other types of control surfaces and stabilizing 
devices are taken up later in this chapter.

AEROOYNAMICS OF SUPERSONIC FlIGHT

You now have a basic understanding of the 
forces that are constantly working on an airframe.

Such information helps you understand the prob
lems that arise in supersonic flight. The major 
problems in high-speed aerodynamics are listed as 
follows:

• Drag reduction.
• Lift effectiveness.
•  Aerodynamic control.
•  Stability: static, dynamic, automatic.
•  Propulsion aerodynamics,
•  Aerodynamic loads.
•  Atmospheric conditions.
•  Techniques for studying high-speed aerody

namics.

Up to the end of World War II, improvements 
in aircraft performance and speed came slowly. 
Progress was made primarily in the development 
of larger engines and minor aerodynamic changes 
in former design. As jet powerplants came into 
prominence, the speeds of new aircraft increased 
greatly. The old design procedures, formerly satis
factory, were changed for several reasons. For one 
thing, the flow of air at high speeds follows a dif
ferent set of laws. Near-sonic speeds means dealing 
with compressibility and Mach-number effects. At 
these speeds, the problem of heating must be dealt 
with. High speeds also require changes in wind- 
tunnel design, scale effects, types of airfoil sec
tions, problems of stability, and other factors that 
up to this time had little significance.

The next pages introduce you to some of these 
problems and show how the problems are com
pensated for by changes of design. As before, you 
must first become familiar with new terminology.

Supersonic Flight Terminology

Several terms which you need to understand for 
a discussion of supersonic flight are explained in 
the following paragraphs.

Shock Wave. A body moving through the air 
strikes air molecules causing pressure disturbances 
to be propagated through the air by the leading 
surfaces of the body. These pressure disturbances 
travel at the speed of sound. When the speed of a 
missile reaches the speed of sound, the pressure 
disturbances also travelling at the speed of sound 
build up near the leading surfaces of the missile. 
If the pressure disturbances reach a certain 
strength, a shock wave is established just ahead 
of the leading surfaces. As air passes through a
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$hock wave, the static pressure rises sharply. Con
sequently, the forces and pressure distribution on 
the missile are altered. Strong changes in trim are 
necessary. The flow of air over the wings separates, 
much as in a low-speed stall. Tail surfaces may 
get a good buffeting. Wing drag rises. And deflec
tion of control surfaces may cause new shock 
waves, which interact so that the controls may be
come ineffective at certain speeds.

Mach Number. Since the speed of sound plays 
a big role in determining shock waves and air
flow characteristics at high speeds, the ratio of 
flight speed to the speed of sound is significant. 
This ratio is called Mach number in honor of an 
Austrian scientist, Ernst Mach (pronounced 
“mock"), who first pointed out its importance in 
1887. If a missile travels at a speed twice the 
speed of sound, the missile has a flight speed of 
Mach 2.0. If a missile has a speed half that of 
sound, it has a flight speed of Mach 0.5. The speed 
of sound varies with altitude, decreasing from 760 
miles per hour at sea level to about 675 miles per 
hour at 30,000 feet.

R eynolds Number. When scale models are 
used to predict the aerodynamic characteristics of 
full-size vehicles, two flow similarities must be 
satisfied. First, the flows must be geometrically 
similar. This requirement means that the scale 
model must be an exact replica of the full-size 
vehicle.

Secondly, the flows must be dynamically similar. 
Among the conditions for dynamic similarity is 
that the Reynolds numbers for the two correspond
ing flows be equal. The Reynolds number is a 
mathematical proportion which includes model 
size, relative windspeed, air viscosity, and air den
sity. A change in Reynolds number can change the 
lift and drag on a body in that flow.

H e a t  B a r r i e r . As air is compressed by the 
ram effect at high speeds, a temperature rise takes 
place. The energy of the moving body transformed 
into a temperature is known as the heat barrier. 
The temperature rise is directly proportional to 
the square of the supersonic velocity. As the speed 
of sound is doubled, the ram temperature is in
creased four times. The standard temperature at 
sea level is considered to be 59® Fahrenheit. This 
temperature decreases with altitude up to about 
46,500 feet. At sea level ram temperature is about 
88® F  at 760 miles per hour, 29® hotter than the

standard sea level temperature. Ram temperature 
is about 260° F at 1300 miles per hour, and about 
1000® F at 2600 miles per hour. As flying speeds 
increase, materials which have high strength at 
high temperatures are used.

Speed Classification. So far, mention has 
been made of two general terms when relating 
speeds to sound; subsonic and supersonic. Speed 
categories can be classified more specifically as 
subsonic, transonic, supersonic, and hypersonic. 
Speeds are called subsonic when a body moves 
through air at a speed less than the speed at which 
the pressure wave is building up. That is, air in 
front of the body has a forewarning of the ap
proaching body and is able to get out of the way.

When a point is reached at which the speed 
of the body is the same as that of the pres
sure wave, waves build up into a single pulse of 
greater magnitude. This condition exists when the 
body moves at the speed of sound; the body is 
then at sonic jpeed. This speed is where transonic 
speeds also occur; that is, when a body is mov
ing at sonic speed, there are points at which air 
velocities about the body arc above the speed of 
sound and there are points at which air velocities 
are below the speed of sound. Considerable turbu
lence and buffeting of missiles take place in this 
region; therefore, it is desirable to pass through 
the transonic speeds rapidly to prevent the un
wanted disturbances.

Supersonic speed is present when the airflow at 
all points about the body is greater than the speed 
of sound. In supersonic flow, little turbulence is 
present.

The fourth classification of speed is hypersonic, 
sometimes called ultrasonic flow. As a body moves 
through the air at high speeds, a short amount of 
time is necessary for the molecules of air to adjust 
themselves to the presence of the body and to re
adjust themselves after the body has passed. This 
period of adjustment and readjustment is termed 
the relaxation time. If a body is moving at a speed 
greater than the relaxation time, it is in a new 
velocity range which is called hypersonic.

Mach A ngle. To explain what is meant by 
Mach angle, picture a boat on a lake, If the boat 
is at rest and is rocked by a wind, ripples will 
radiate from the boat in all directions. The speed 
at which these ripples travel is called the propaga
tion rate. Assume that these ripples were propo-
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gated at a speed of 10 mpb. The ripples would be 
concentric, and each would remain inside the pre
vious one.

Now j| the boat moves forward with a speed 
of 5 mph, the ripples will still radiate at 10 mph. 
Each circle will stay inside of the previous one, 
but they will not be concentric. The ratio between 
the boat speed and the propagated wave speed is 
5/10. If the propagation rate of the ripples from 
the boat is thought of as being the speed of sound, 
the above relationship of 5/10 corresponds to 
Mach 0.5. If the boat were to increase its speed to 
10 mph, then the relationship corresponding to the 
speed of sound would be Mach 1.0, Now assume

that the speed of the boat is increased to 20 mpb. 
This relationship corresponds to Mach 2.0. The 
ripples still form at 10 mph, but the center of 
disturbance is moving twice as fast. The wave pat
tern now becomes a wedge on the surface of the 
water. Ia the air, with 3-dimenslonal flow, the 
pattern would be a cone. The semivertex angle is 
the Mach angle. This angle Is illustrated in figure 
2-19.

Normal Shock Wave. Pictured in figure 2-20 
is a normal shock wave. The airfoil section has a 
speed (the free-streara velocity) of 675 miles per 
hour. The figure indicates the speed of sound to 
be 761 miles per hour. Dividing 675 by 761 gives

2-14



1 July W 2 A F «  52-31

M A C H  N O - = ^ = 0 . 9

/ NORMAL SHOCK WAVE
////

475

* Mach cumber of 0.9. As /he air gains speed over 
the airfoil, it increases to 750 mph and then to 
820 mph, which is supersonic. The air then begins 
to slow down to its original speed of 675 mph. 
Now if you will recall, Bernoulli’s theorem says 
that if the velocity of air changes, its pressure 
changes. Since the velocity has changed rather 
suddenly from 820 mph to 675 mph, you can 
expect a large pressure difference to exist. The 
boundry between the two areas of pressure differ
ence is where the normal shock wave occurs. 
Normal shock waves absorb a large amount of 
energy which is dissipated in the form of heat.

Oblique Shock Wavb. In supersonic flight, an 
additional type of wave called an oblique shock 
wave occurs, ft has this name because it meets 
tbe free stream at an oblique angle, an angle 
greater than 90°. An  oblique shock wave is shown 
In figure 2-21. The component of flow perpendic
ular to the wave must go from supersonic to sub
sonic velocity }ust as in the case of the normal 
shock wave. If you assume these values to be 900 
mph to 600 mph, the free-stream velocity may

figure 2-21. Ob/iqui Shock W av*

be 1200 mph and the component parallel to the 
shock wave may be 794 mph. The resultant veloc
ity (say 950 mph) behind the wave is equal to 
the vector resultant of the 600 and 794-mph com
ponents. This resultant velocity may or may not 
be supersonic. The original velocity of the free 
stream and the oblique angle of the shock wave 
are the two factors that determine the final velocity.

Figure 2-22 illustrates the effects of speed on 
air. Note the changes in airflow and shock waves 
as the wing accelerates from subsonic to supersonic 
velocity.

Now that you have been introduced to the 
meaning of several terms that pertain to high-speed 
flight, you are ready to take up the problems of 
supersonic flight.

Guided M i s s i l e  C o n f i g u r a t i o n

The configuration of a missile is a primary con
cern of missile designers, because a missile’s con
figuration largely determines the extent of drag 
and lift acting on the missile. 'These two farces in 
turn largely determine the overall efficiency of the 
missile.

Drag R eduction. The achievement of low drag 
in supersonic flight is of great importance. With 
low drag configuration, smaller missile powerplants 
can be used and less fuel capacity is necessary.

The drag of a missile is made up of fuselage 
drag, wing and fin drag, and drag developed by 
the interference of the various drags. The effects 
ot thickness distribution, Reynolds number, sur
face imperfection, and Mach number all influence 
the drag. Wing drags also are greatly influenced by 
thickness ratio, sweepback, aspect ratio, and sec
tion of airfoil.

Contrary to subsonic experience, the total drag 
of a supersonic missile is not necessarily the sum 
of the separately measured drags of its elements.
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Figure 7-22. Effects of Sp&ed on Air

Fur example, the drag of a wine seems to be 
determined by the body shape on which it is 
mounted.

.7
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Figure 2-23. Effects of Conical Windshields on 
Body Drag

A simple illustration of an interference effect 
in supersonic airflow is shown in the graph in 
figure 2-23. The curves were obtained with frcc- 
flight tests of rodcct-powered models.

The drag of a blunt-nosed body is shown by the 
upper curve. Adding the conical point, which in 
Itself has a positive diag, greatly reduced the drag 
of the combination of conical point and body. 
Apart from overcoming interference effects, wind
shields of the type shown may be useful in cases 
where optimum aerodynamic shapes must be com
promised, as would be the case when forward 
vision of a seeking unit requires a hemispherical 
nose shape to avoid distortion of signals.

U p t  E f f e c t i v e n e s s . A lift force is required 
for maneuvering. For a long-range winged mis
sile, the lift must provide the required support at 
minimum drag. Lift must also vary smoothly with
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angle of attack if control response is to be satis
factory. The lift behavior of three different wing 
designs is shdwn on the graph in figure 2-24.

Figure 2-24. tiff Effacflveneji

The upper curve (a) shows the behavior of a 
high aspect ratio, 10 percent-thick wing with no 
sweepback. In this case, an abrupt reduction of 
lift effectiveness occurs slightly above Mach 0.8. 
However, definite positive lift effectiveness is re
tained through the speed of sound into the super
sonic range. The second curve (b) shows typical 
behavior of a relatively thick wing at high speeds. 
In this case, a complete loss of lift effectiveness 
occurs at high subsonic Mach numbers. The third 
curve (c) shows the effect of sweepback in delay
ing and minimizing the critical changes produced 
in the transonic range. The sweptback wing of (c) 
has the same section as the high aspect ratio wing 
of (a). With the sweptback wing, there is very 
little variation in the lift behavior over the speed 
range tested.

Airflow at Different Speeds. The con
ditions of Right associated with subsonic flow are 
well known. Supersonic conditions appear to be 
orderly and, consequently, of such a nature as to 
be readily analyzed mathematically. But in the 
transonic speed range, major design problems 
arise.

The drawings in figure 2-25 show the airflow 
pattern, along with lift and drag changes, as a 
circular arc wing section moves from subsonic to 
supersonic speed.

Figure 2-25, top figure, shows an airfoil in high 
subsonic flow. The free-stream Mach number is
0.8. This condition is well known and is the kind 
encountered every day. The lift is much greater 
than the drag. The second figure indicates a con-
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figure 2-25. Airflow Pofferns at Different Speeds
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dition of early transonic flow. The free-stream 
Mach number has increased to 0.9, and a normal 
shock wave has formed on the upper surface. Lift 
has decreased, and drag has increased. The third 
figure is in the middle of the transonic range. The 
free stream Mach number has now increased to 
0,95, and a normal shock wave has formed on 
both the upper and lower surfaces. Lift has de
creased even more, and the drag has increased 
sharply.

The fourth figure shows late transonic flow. The 
free-stream Mach number is over 1.0. A weak 
normal shock wave has just started to form a few 
inches ahead of the leading edge. The normal 
shock waves on the rear upper and lower surfaces 
have virtually disappeared, since the flow is now 
sonic over that portion of the section. Lift is about 
the same, and the drag has decreased a small 
amount. The bottom figure shows fully developed 
supersonic flight conditions. The free-stream Mach 
number is now 1.5. The normal shock wave has 
moved back and become a Mach wave, and the 
usual Mach wave has formed on the trailing edge. 
The airflow condition is now stable. The lift is 
equal to the weight of the missile. The drag is 
high, but this is caused by the high speed and 
not by energy losses in the shock waves as was the 
case in transonic flow.

W in g  D e s i g n . Airflow over an ideal wing would 
be subsonic until a velocity of Mach 1 is reached, 
and then it immediately would become supersonic. 
In other words, the transonic range would be 
eliminated. Actually the transonic region begins 
when the flow over any part of the wing first be
comes supersonic. The free-stream Mach number 
at which transonic flow begins is called the critical 
Mach number for the wing.

Figure 2-26 illustrates the evolution of a high
speed airfoil section. Pictured first is a typical low- 
subsonic airfoil with a critical Mach number of
0.7 at sea level. Sonic speed occurs first near the 
leading edge. When the normal shock wave forms, 
it decreases the lift over most of the upper surface. 
The center of the lift shifts forward, and drag 
increases rapidly.

The next sketch is a typical high sub-sonic air
foil with a critical Mach 0.85. The airflow does 
not reach its maximum value until it reaches a 
point far back on the wing. When the normal shock 
wave docs form, the loss in lift and the Increase
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Figure 2-26. Fvo/ufion of Highspeed Airfoil 
Sections

in drag are much less than with the first airfoil.
The third sketch is a low-supersonic-type air

foil. The critical Mach number may be as high 
as 0.9. This is known as a circular-arc airfoil. The 
acceleration of air over the surface is gradual. 
Because of its symmetrical shape, the center of 
pressure on the airfoil changes very little when the 
lift decreases. This characteristic greatly simplifies 
the control problem.

The fourth type is known as a wedge airfoil. It 
also is a supersonic section having a critical Mach 
number of 0.9 or better. It can be shown mathe-
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maritally that the ideal supersonic airfoil is a flat 
plate; however, such an airfoil would not have 
sufficient strength to support the load. This wedge 
then is a modified flat plate designed to give more 
strength than a flat plate.

The low-speed characteristics of the wedge aQd 
circular-arc airfoil are poor. These four typical air
foil sections should be sufficient to give an idea 
of the trends In design; thin symmetrical sections 
are desired.

A r r a n g e m e n t  o p  A i r f o i l s . Arrangement of 
airfoils on a missile are governed by many factors,

TAIL U M T S

C O N V E N T IO N A L  " H “ TYPE O R  V-TAIL

VERTICAL T A ll 1 2 0 * F IN S  CRU C IFO RM

W IN G  ARRAN G EM ENT 'S

M ID W IN G  H IG H  W IN G  PA RA SO L  W IN D

LO W  W IN G  CRU C IFO RM

CRU C IFO RM  RELAT IONSH IP

Figvrm 2-27, Common Arrang«m»nf$ o f Airfoils

such as speed, range, launching period, and 
whether or not recovery of the missile is desired. 
Various combinations of the types shown in figure
2-27 may be used. The sketches illustrate only the 
most common type of arrangements. Figure 2-28 
shows some of these arrangements on missiles. 
Note also, the various plan forms that are illus
trated.

A e r o d y n a m i c  L o a d s . One of the problems of 
missile designing is aerodynamic loading. Such 
loading results from any change In the airflow 
pattern. Aerodynamic loads are in general com
pensated for by control-surface positioning, sweep- 
back, and fuselage configuration. Auxiliary equip
ment such as antennas, airspeed measuring devices, 
and various telemetering devices all add to the 
aerodynamic loads. All of these obstacles to an 
even airflow are being eliminated as new devices 
are made available to accomplish the same pur
pose.

In the transonic range, still more data Is needed 
to fully determine the general behavior of lift and 
drag on a missile and the basic laws governing this 
behavior. Systematic tests are still needed over the 
supersonic range to determine fully the general 
effects of various wing sections, airflow interfer
ence, and the combined-surfaces interference. The 
design of missiles for supersonic flight has come a 
long way, and we can well expect continued im
provement of guided missile design.

A ero d y n am ic  C ontrol

Aerodynamic control is the connecting link be
tween the guidance system and the missile flight- 
path. This point is where much regard is given to 
a smooth and exact operation of the control sur
faces of the missile. The control must be powerful 
enough to produce the necessary change of direc
tion. At the same time, the control must have the 
best design configuration for the intended speed. 
Methods must be found for balancing controls and 
varying the control surfaces to meet the variations 
of lift and drag at different Mach numbers. The 
operating mechanism (or servo systems) must be 
made to operate readily to prevent instability in 
the missile.

E x t e r n a l  C o n t r o l  S u r f a c e s . Fixed guide 
fins are the simplest type of control system for 
stability. The flight of a common arrow is an 
example of this type of stability, since the feathered
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Figures 2-28. Airfoil Ptan Forms

fins at the rear of an arrow provide for a stable Line 
of flight. This same principle of obtaining stability 
is used in missile design. Fixed guide fins are used 
in one way or another on most missiles. These 
fins are generally referred to as stabilizers of a 
specific type, such as horizontal stabilizer or ver
tical stabilizer.

In addition to fixed control surfaces, there are 
movable control surfaces referred to as flaps or 
movable vanes.

Keep in mind that a control surface is not effec
tive until the airflow across the surface has attained 
sufficient speed to develop a force. As the speed is 
increased, the reaction to the control surfaces 
becomes more acute and often results in over
control.

The disadvantage of using guide fins without 
movable control lies in the lack of the precise 
control necessary to follow a given course. To 
accurately control a missile, two general types of

RUDDER

IM PACT PRESSURE

Figuru 2-29. Primary Control Surfaces
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control surfaces are used. These types are primary 
jnd secondary controls. Primary control can be 
looked upon as the main controlling factor of the 
missile's path. This group alone could, under cer
tain conditions, give satisfactory results. If there 
were no unstabilizing conditions present, primary 
control could function satisfactorily unaided. How
ever, by the use of secondary controls of various 
combinations which are discussed later, a missile 
can be controlled much more accurately and 
efficiently.

Primary controls. Ailerons, elevators, and rud
ders are considered primary controls. A conven
tional aileron is attached to the outer trailing edge 
of the wings or main lifting surfaces. This conven
tional arrangement appears in figure 2-29. When 
one aileron is lowered, the opposite one is raised, 
thus controlling roll. They are coupled to the gov
erning control system. Various control systems are 
taken up in later chapters.

Elevators are attached to the horizontal stabilizer 
on the tail. They are used for pitch control and 
are raised and lowered together.

Finally, a rudder is used to maintain directional 
control. It is attached to the vertical stabilizer and 
gives yaw control.

Figure 2-30 shows that the rudder, ailerons, and 
elevators control movement about the yaw, roll, 
and pitch axes, respectively.

The previously mentioned control surfaces attain 
control by presenting a surface to the existing air
flow at an angle which causes a force to exist. This 
force pushing against the control surface moves 
the wing or tail to which the control surface is 
attached in a direction opposite to the control- 
surface movement. Control surfaces along with the 
direction of movement resulting from the position
ing of these surfaces are shown in figure 2-31.

The wing, horizontal stabilizer, and vertical 
stabilizer can be considered a part of the primary 
control surfaces since they are the leading factors 
in determining the missile’s path. But for presen
tation of controls, we will regard the dements that 
tend to change the direction of travel as control 
surfaces.

Secondary control surfaces; In the secondary 
group of controls are tabs, spoilers, and slots.

Tabs can be divided into three types: fixed, trim, 
and booster. Their reaction in the relative air- 
stream, however, is the some in all three cases.

They always affect the control of a missile in
directly. They do not in themselves determine the 
direction of motion of the missile. For example, 
suppose you want to trim in pitch. To raise the 
nose of the missile, the tab must be moved down. 
The primary control surface, in this case the ele
vator, is hinged to the horizontal stabilizer. The 
tab, in turn is hinged to the elevator. A small 
movement of the tab on the trailing edge of the 
elevator causes a small force to be exerted on the 
primary control surface. The result of this force 
is a small movement of the elevator in the opposite 
direction; therefore, if the tab is moved down, the 
elevator moves up. Since the missile responds only 
to the primary control action, the tail is lowered, 
thus raising the nose of the missile. Note figure 
2-31. This function is exactly the same for direc
tional trim (yaw) and for lateral trim (roll),

A fixed tab consists of a piece of metal attached 
permanently to the trailing edge of the primary 
control. The metal is bent uniformly in the re
quired direction to trim the missile. The trimming 
is done in anticipation of a certain set of un
balanced conditions around the center of gravity 
at a given airspeed.

A trim tab is more complex in construction 
than a fixed tab, and is controllable. Trim can be 
changed as attitude, speed, or altitude vary.

A booster tab, sometimes known as a servo tab, 
is widely used where large primary control sur
faces are used. The force and stress on the control 
system are greatly reduced by using the booster 
tab. This type of tab is directly connected to the 
control system. When the system is actuated, the 
tab moves first. The tab movement, in turn, moves 
the primary control in the normal manner. The 
effect of the movement of the tab on the primary 
surface is considered instantaneous. The location 
of tabs on a missile is shown in figure 2-32.

To summarize, a fixed tab is preset for a given 
condition of stability. A trim tab is controllable, 
and its setting can be changed at will over a wide 
range of conditions. A booster tab is used to assist 
in moving control surfaces of large areas. Since 
the performance and design of these controls are 
well understood, they probably will be used on 
missiles in one form or another for sometime to 
come. Even so, in the case of supersonic missiles, 
new systems of aerodynamic control have been 
developed.
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Figure 2-33. Location of Spoilers on Wing Surface

As aircraft speeds were increased closer to the 
speed of sound, the performance of surface con
trols became more and more critical. A surface 
control is nothing more than a hinged flap, or 
airfoil, attached to a larger airfoil which may be, 
as previously stated, a wing or a stabilizer. En
gineers soon found that, at speeds over 300-mph 
range, peculiar vibrations called flutter occured on 
controls, especially in the case of ailerons. These 
vibrations became more severe as speed increased 
until in some cases they reached such proportions 
that surface controls disintegrated and sometimes 
caused failure of the entire wing or tail structure. 
This has been overcome by increasing the rigidity 
and strength of the primary controls and by bal
ancing these surface controls statically and dynam
ically.

A method of overcoming bending on a wing is 
by the use of spoilers. They may be of one solid 
unit or a series of units that tend to interrupt the 
negative lift on a wing. Spoilers are recessed into 
the upper camber of the wings.

The spoiler in figure 2-33 consists of a solid 
hinged flap. When the spoiler is not used, the 
flow of air over the wing is smooth and uninter
rupted; thus the full lifting power of the wing is 
realized. Assume that a gust of air has caused the 
left wing to drop. The control system instantly 
calls for the spoiler on the right wing to extend. 
As the spoiler extends, the negative lift pattern on 
the right wing is “spoiled,” or reduced a consider
able amount, by the turbulence created by the 
spoiler. The wings then tend to return to the 
original position. A spoiler may cause more drag 
than the conventional aileron; therefore, when the 
spoiler is extended, a yawing moment may be 
initiated strong enough to cause the rudder to be 
actuated simultaneously with roll control.

A slot is basically a high-lift device and is 
located along the leading edge of the wing. In the 
region of normal angle of attack, the slot is inef- 
feedve. But as shown in figure 2-34, when a mis
sile reaches high angles of attack, the slot can be 
opened to allow air to spill through. A slot per
forms a function exactly opposite to that of a 
•spoiler. It is a valuable device for increasing lateral 
stability, for landing high-speed aircraft, and for 
preventing stalls in slow aircraft.

One type of slot operates automadcally with 
an increased pressure difference resulting from 
high angles of attack. A disadvantage of this 
mechanism is that it must be kept locked until 
needed because maneuvers at high speed calling 
for large angles of attack would automatically 
open it, causing serious reduction in performance 
or even structural failure of the slot.

Dual-purpose controls. Up to this point the 
controls presented have been of a conventional 
type. As missile speeds increased, new control 
surfaces were developed. New types of primary 
controls are elevons, ruddervators and ailevators.

A IR FLO W  A T  M ED IU M  
A N G IE  O F  ATTACK

A IR FLO W  W ITH  
C LO SE D  AT A  H IGH  
A N G IE  O F  ATTACK

SLO T  O P E N  AT H IGH  
A N G L E  O F  ATTACK

AIRFO IL A L O N E  
A IRFLO W  ABO U T  
AU XIL IARY

Figure 2-34. Airflow with Slot
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Figure 2-35. Dual Purpose Control Surfaces

As the names indicate, they consist of control 
surfaces that accomplish two purposes. For exam
ple, an elevon takes the place of an elevator and 
an aileron, giving control of pitch and roll. An 
ailevator is the same as an elevon. Ruddervators 
are used for yaw and pitch control. Observe figure
2-35.

Variable incidence control. Use is sometimes 
made of a variable incidence control to overcome 
the problem of flutter and the need for structural 
strength of control surfaces and yet have a control 
that is sensitive and effective at various speed 
ranges. This type of control varies the positioning 
of an entire airfoil section rather than just part 
of it. This method eliminates the disturbing factors 
that are set up between two surfaces, such as the 
surfaces of a slot and a wing, which make an 
angle with each other. At high speeds, this type

of control surface is especially well adapted be
cause little control movement is required to dis
place the missile a considerable distance. The 
variable incidence control can be used on the wing, 
horizontal stabilizer, or vertical stabilizer.

Canard structure. A canard structure consists 
of a stabilizing plane and elevator control which 
is located ahead of the center of gravity, or wing 
and lifting surfaces. During the early development 
of the airplane, it was found to be easier from the 
standpoint of construction to install the tail plane 
at the aft end of the fuselage. This trend has been 
followed throughout the years. The canard adapta
tion of missiles is now being used by some manu
facturers. The forward wing may consist of a 
stabilizing plane with a control surface attached to 
the trailing edge, or it may consist of a pivoted 
wing in which case the entire stabilizing plane has

Figura 2-3d. Steering Methods
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a movable angle of incidence (variable incidence 
control), either positive or negative. The Nike- 
Zcus employs a canard type structure.

C o n t r o l  a t  S t a r t i n g  S p e e d s . Until it attains 
a speed at which the airfoil sections have an 
aerodynamic stabilizing effect, the missile must 
have a means of control other than the external 
control surfaces. This means may be supplied by 
the use of exhaust vanes or jet control.

Jet vanes. Jet vanes are surfaces which are in
stalled directly in the exhaust path of the jet engine 
as shown in figure 2-36A. When the positions of 
the vanes are changed, the exhaust is deflected 
causing the thrust to be directed in opposition to 
the jet vanes. The velocities of the exhaust arc

sufficient to give adequate control until the lime 
the missile has attained enough speed for the ex
ternal controls to take over. Because of the tre
mendous heat in the exhaust, the life of jet vanes 
is generally short.

Jet control. Various systems of jet control have 
been developed for supersonic flight.

•  One means of jet control i$ changing the 
position of the jet engine so as to give the desired 
direction of motion. This method uses the gim- 
baled engine as shown in figure 2-36B.

» Liquid injection thrust vector control 
(LITVC) is the method used for control of the 
second stage of the LGM-30F Minuteman. Figure
2-37 is two views of the LGM-30F second stage

TORO IDAL T A N K
TO RO IDAL TANK

T V C  G EN ER A T O R

R / C  VALVE

INJECTOR 
PINTLE VALVE

RAC EW AY

O V E R B O A R D  
VENT

R/C 
GENERATOR

F R E O N  IN JECTION  
PO R T S— >2

figure 2-37. liquid fnjmction Thrust Victor Control Syjftm

Figure 2-38. Fr»on injection

nozzle section. Thrust vector. control is accom
plished by injecting Freon under pressure through 
the ports located down stream of the nozzle throat. 
The Freon is injected at any of four locations, 90* 
apart, through pintle valves. Injection of the Freon 
causes a shock wave, illustrated in figure 2-38, 
which alters the main thrust vector. The deflection 
of the thrust vector causes a change in the missile's 
pitch or yaw attitude.

•  Another system of jet control is by placing 
roll control jets at various points about the missile
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body. Control is accomplished by using one or 
another of these jets as necessary to give different 
directions of thrust. The second stage of the LGM- 
30F accomplished roll control through the use of 
two roll control (R /C ) valves also illustrated in 
figure 2-37. Each valve has two opposing exhaust 
ports. The roll control generator provides gas pres
sure that is exhausted equally through all four 
ports during normal flight. If a roll correction is 
required, the appropriate R /C  valves are closed 
to unbalance the exhausting gas, producing a thrust 
in the proper direction.

S p e c i f i c  C o n t r o l  A p p l i c a t i o n s  t o  G u i d e d  

M i s s i l e s . The standard method for control of air
craft around the vertical axis is the rudder located 
in the tail assembly. Likewise, the control around 
the lateral axis is performed by the elevators lo
cated in the tail assembly. The control of roll 
around the longitudinal axis is performed by the 
ailerons attached at the trailing edge of the outer 
wing panel as near the wing tip as possible. Early 
cruise type missiles used these conventional type 
controls. Increased missile speeds made necessary 
different types of controls. For example, in one 
configuration the tail assembly is fixed. Directional 
control is performed by flaps located at the trail
ing edge of vertical stabilizer surfaces as 9hown in 
figure 2-39. When the flaps are moved from neutral 
position, the chord of the vertical wing is effec
tively changed to a given angle of attack, depend
ing upon angular displacement of the flaps. Chang
ing the angle of attack creates a differential in 
pressures on the wing, thus affecting lift. This 
results in the missile turning about its vertical axis, 
and a change of direction takes place.

1 July 1972

Correction for roll is performed by ailerons 
located in the wing tips of the vertical wings. 
Channel guides hold the ailerons at a fixed angle 
of incidence with respect to the wing panel chord. 
When the aileron is extended, the positive angle 
of attack exerts an aerodynamic lift which tends 
to correct an error in roll.

The change in attitude of the missile around its 
lateral axis is accomplished by means of flaps on 
its horizontal wings. When the flaps are lowered, 
an increase in lift tends to lift the nose of the 
missile, and conversely, the raising of the flaps 
lowers the nose.

With the advent of the large ballistic missiles 
that travel at hypersonic speeds and reach altitudes 
of hundreds of miles new methods of control were 
necessary, Aerodynamic controls are ineffective al 
these extreme speeds and altitudes. Most ballistic 
missiles now use some form of thrust vector control 
such as thrust chamber gimbaling, LITV control, 
or combinations of these as used on the Minute- 
man,

Stability of MissiUs
Since stability of missiles has a direct effect on 

the behavior of the controls, a high degree of 
stability must be maintained. Increased missile 
speeds cause definite stability changes by center- 
of-pressurc shifts. A pressure shift causes variation 
in the flows that are acting on the surfaces of a 
missile. Even in pure supersonic flow, variations 
of the Mach number cause center-of-pressure 
shifts. Referring to figure 2-40A, note that the 
missile is in level flight. It is longitudinally stable 
about its lateral axis through the center of gravity.

figure 2-39, Directional Control Using Flaps on Vertical Control Surfaces
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A IR  FLO W ►
Figurv 2~4Q. Downwaih

Airflow over the wing Is deflected downward 
toward the elevator. This angle of deflection is 
called the downwash angle. When lift decreases 
as a result of reduced speed, this downwash angle 
decreases, resulting in pressure changes. There will 
be points where unstable conditions are set up as 
a result of such pressure shifts resulting from dif
ferent airflow patterns. Once an uncontrollable 
condition is set up, it must be compensated for by 
the control surfaces or by quickly changing the 
speed to a point of stability.

As you learned earlier, unstable conditions are 
dominant at transonic speeds. Most missiles have 
some dive control and roll recovery devices to 
overcome unstable conditions. An example of such 
a device is an arrangement in which horizontal 
tail surfaces are placed high on the fin to help 
overcome downwash conditions as illustrated in 
figure 2-40B.

Ailerons and rudders come in for their share 
of trouble. The unstable flow over the wings causes 
the ailerons to oscillate, creating a condition known 
as “buzz.” A similar condition called “snaking” 
may exist about the directional axis. A part of 
these troubles may be compensated for by variable 
incidence control surfaces.

Propulsion Aerodynamic*
Propulsion aerodynamics includes such items as 

the design of low-loss air intakes for ramjets; de
sign of subsonic diffusers, nozzles, and tail pipes;

and the effects of jet exhaust on drag and flow 
about the body of a missile. Aerodynamic-mechan
ical problems of fuel control, regulation of the 
proper amount of air intake, and the stability of 
the internal flow and combustion processes must 
also be taken into consideration.

BALLISTIC MISSILE AERODYNAMICS
The design of any airframe involves a continual 

struggle and compromise in satisfying requirements 
of both weight and strength. For a long-range 
ballistic missile, which must be power-accelerated 
all the way to thrust cutoff, excess weight is a 
critical problem because it results in a drastic 
reduction of maximum range. Yet at the same 
time, the airframe must have sufficient strength 
and rigidity to support the other components and 
the propellants without failing under normal static 
and flight loads. Included in these loads are the 
stresses caused by vibrations of the engines, pro
pellant sloshing, maneuvers, and aerodynamic 
heating.

A significant reduction in the mass that must 
be accelerated through the entire distance to 
thrust cutoff, and also In the propellant weight at 
takeoff, is obtained by using a multistage design 
in which one or more engine sections, with or 
without associated propellant tanks, are jettisoned 
during the powered flight. Advance design tech
niques also permit reduction in airframe weight.
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Tbe development of new materials may offer 
opportunities for weight reduction. The designer 
must consider not only the physical properties of 
the materials (such as strength-to-weight ratio and 
corrosion resistance), but also such factors as 
availability and cost of the materials and their 
adaptability to standard fabrication techniques.

One effect needing thorough investigation is the 
shift of the center of gravity of the vehicle as the 
propellant is consumed. This shift relative to the 
center of pressure is a determining factor in missile 
stability. In the ICBM and IRBM, consideration 
must also be given to the rapid change in the rela
tive positions of the centers of gravity and pressure 
when a stage with its rocket engines is jettisoned. 
Begin your considerations by studying the environ
ment that must be withstood by the airframe.

Airframe Environment
Various conditions of temperature, atmospheric 

pressure, humidity, and degree of water resistance 
that must be withstood by the airframe are speci
fied by the military specifications. A missile may 
be stored for long periods of time in the arctic 
region where the temperature is many degrees 
below freezing; it may be stored in the tropics 
where the sun can raise the temperature of a metal 
body above the boiling point of water. A missile 
may be transported many ways to the theater of 
operation; it will be handled roughly and subjected 
to many shocks in the process. The military ser
vices, with many years of experience and back
ground in the handling of weapon equipment, are 
best able to specify the environmental conditions 
to which the missile will be subjected prior to its 
use. This experience is translated into specifica
tions which outline the environmental tests for all 
service equipment

The airframe during the launching phase is sub
jected to severe accelerations. If a booster is em
ployed, there may be severe transient forces im
posed upon the airframe at the time of booster 
separation. The missile maneuvers may exert many 
gravities of acceleration. The propelling motor 
may have resonances and thus initiate vibrations 
within the missile structure. Under certain con
ditions, missile airfoils may flutter add induce 
vibrations. The internal structure of the missile 
may have different resonances in different sections. 
Such resonances may develop severe internal vi

brations without appreciably affecting the behavior 
of the airframe in flight.

All of these conditions and others must be con
sidered in establishing the environment of the 
missile airframe. The only adequate means of 
obtaining knowledge of this environment is by 
making statistical tests during missile flights. Such 
tests are usually conducted by the contractor as 
part of the design of the airframe. The data de
veloped are unique to the specific missile and 
cannot be applied generally (as in the case of 
environment which is governed by the theater of 
operations).

One of the major decisions to be made, during 
the early preliminary design phase after the gen
eral configuration is fixed, relates to the type of 
basic airframe structure to be used and the man
ner in which the basic loads will be reacted. What 
is basic airframe structure?

Basle Airframe Structure
The aerodynamic analysis establishes allowable 

center of gravity (eg) shift and airloads and pres
sure distribution from which flight regime, shear, 
and bending moments, may be derived by conven
tional means. With this data, the designer is then 
able to develop an airframe design and to establish 
the properties for each major structural section. 
With the structural design roughed out, materials 
and allowable stresses are selected with considera
tion to type of load, weight, temperature, redun
dancy, cost (including evaluation of critical 
materials), and environment. In the allocation of 
space to the various systems, the usual practice is 
to locate the engine and fuel tanks first and to 
package the accessory equipment in such a man
ner as to eliminate need for longitudinal or roll 
balance if at all possible. In making a decision on 
the type of structure, an evaluation is necessary 
on the use of longerons and nooload carrying 
doors or covers versus a pure or semimonocoque 
structure with the attendant problem of local cut
outs or load carrying access doors.

There is no way to predict the lightest structure 
for a missile; in fact, acceptance of less than the 
optimum weight design is usually necessary to 
obtain other desirable features. Using different 
types of basic structure for different sections of the 
missile to obtain certain design or packaging ad
vantages is frequently good practice. For example,
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if a fuel tank ora solid rocket sustainer engine (usu
ally a thin shell structure with relatively heavy end 
Closures) must be located between two package 
compartments, advantage might be taken, of the 
inherent stiffness of such a structure to stiffen the 
entire missile,

Monocoquc designs based on the inner skin 
canying the bending loads (as in the case of the 
ramjet-propelled missiles)* as well a$ on the outer 
skin performing a like function (as in the case 
of rocket-propelled missiles)* have been used. 
There is no easy way of determining the optimum 
airframe construction. Advantages of designing to 
cause the inner skin to carry the load* as com
pared to the use of an Inner skeleton or framework 
(if there is no central duct), are related to acces
sibility foi packaging and servicing. These gen
erally offset the decreased stiffness due to the 
smaller moment of inertia resulting from the 
smaller radius of the “ active" material.

Loading the inner skin of a ducted body (which 
is of some importance fox certain configurations 
such as the cruciform) gives more uniform bend
ing characteristics in the principal guidance planes. 
Carrying all bending loads through the outer skin 
is most efficient structurally but has the attendant 
disadvantage of requiring semipermanent load
carrying doors and carefully designed cutouts, 
stringers, doublers, and other space consuming 
elements.

Cellular construction, if feasible for packaging, 
gives a stiff efficient structure and may be used 
profitably for both primary and secondary com
ponents.

A typical 1CBM has a total flight time of about 
30 minutes or less. It remains only 4 or 5 minutes 
in the atmosphere. Consider just the first 2 to 2 VS 
minutes of flight as the missile leaves the launch
ing pad. A typical ballistic missile trajectory con
sists of a vertical rise, followed by a transition to 
a gravity turn (a turn in which the missile axis Is 
maintained parallel to the velocity)* and then a 
constant attitude which is held until burnout. 
During these stages of flight, serious aerodynamic 
forces ate encountered, such as drag, stability, 
heating, etc.

Aerodynamic Forces
A ballistic missile in flight has two main aero

dynamic forces acting upon it, lift and drag. These

forces are expressed by the following equations: 

L -  C , . j p  V*S 

D =  CD ~ />  V=S

In these equations Cu is the lift coefficient, CD 
is the drag coefficient, S is a reference area (usu
ally the area of a ctcss-scction of the missile), 
and 1/2 p Vs is called the dynamic pressure. Lift 
force is needed jn the flight of aircraft; it is an 
unfortunate byproduct in the flight of ballistic mis
siles. The location on the missile at which the lift 
force acts is called the center of pressure fcp). 
Lift and drag are obtained by integrating the pres
sure acting over the entire missile and resolving 
the resulting force into two components, one nor
mal and the other parallel to the velocity, Fre
quently, the integrated pressure* are resolved into 
forces normal and parallel to the axis of the mis
sile, rather than normal and parallel to the velocity 
vector. We call these normal (N) and the axial 
(A) forces.

For the types of ballistic missiles which wt 
know today, the cp is usually located forward of 
the missile’s center of gravity (eg). Since the mis
sile is a free body in space, any disturbing force 
wilj tend to rotate it about its eg. Tbe lift force 
causes instability. For example, whenever there is 
an angle between the velocity vector and the axis 
of the missile (this is called angle of attack), the 
lilt force which occurs tends to rotate the missile 
about its eg in such a direction as to increase 
further the angle of attack. This is known as 
“static instability."

Lift occurs whenever there Is an angle of at
tack; however, drag is always present. Drag slows 
down the missile and therefore reduces range. The 
lift or normal force imposes bending moments on 
the missile airframe and must be taken into con
sideration in the structural design.

The following information gives some insight 
into the physical concepts of aerodynamic phe
nomena to show how the aerodynaemcitt obtains 
his data, and to indicate some practical results.

Fundamental* of Aerodynamics

The nature of the flow field about a body mov
ing through the air, the pressure distribution, and

l  July
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particularly the coefficients Cl and CD are func
tions of certain dimensionless parameters. Among 
the most important of them are the following:

1. The Mach number, M. M =  V/a, where a is 
the speed of sound—this is a measure of the com
pressibility of the air; density changes become 
important as M approaches 1.

2. The Reynolds number, R. R —pVL/f t ,  where 
L is some characteristic length of the body and p  
is the coefficient of dynamic viscosity—the Reyn
olds number expresses the ratio of inertia forces 
to viscous forces. When R is low, viscous effects 
are large, but at high R, inertia forces predomi
nate. Note also that R is a scaling parameter since 
it depends on length.

3. The ratio of specific heat of air at constant 
pressure to the specific heat of air at constant 
volume, y. y = c P/Cv.

This parameter becomes important when com
pressibility effects are large. The aerodynamicist 
has at his disposal a set of general equations for 
the analysis of airflow about a body. These are 
called the Navier-Stokes equations. They are ex
tremely general and amount to a statement of 
Newton’s laws for a viscous compressible fluid, 
together with equations specifying conservation of 
mass and energy. In their general form they are 
too complicated to permit practical solutions, and 
several simplifications are imposed on them.
Among these are the following:

1. Steady flow—this assumes that all physical 
quantities are either stationary or very slowly 
varying in time.

2. Nonviscous flow— it has been found that vis
cosity is relatively unimportant except for a thin 
layer of air next to the body (the boundary layer). 
This permits all the rest of the flow field to be 
handled by the nonviscous equations and is an 
excellent approximation at high Reynold numbers 
and still moderately good at relatively low R. The 
nonviscous flow assumption results in consider
able simplification of Navier-Stokes equations. 
The flow is now called potential flow. The simpli
fied equations are still nonlinear and difficult to 
solve.

3. Small disturbance flow—this assumes that 
the physical properties of the flow (such as pres
sure, velocity, and density) are represented as a 
steady component, plus a very small variation

thereof. The equations are written in terms of the 
small variations only, with the result that linear 
equations only are obtained, for which solutions 
can be written. The linearized equations can han
dle a great number of supersonic and subsonic 
problems with a surprising degree of accuracy. 
They are most applicable to slender, pointed 
bodies and, therefore, are not too useful for the 
thick blunt-nosed configuration of our current bal
listic missiles.

4. Newtonian flow—at high supersonic Mach 
numbers and also at large angles of attack, the 
Newtonian flow concept has physical validity. This 
assumes that a flow encountering a solid surface 
loses its normal component of momentum and 
moves along the surface with its tangential com
ponent unchanged. When applied to blunt-nosed 
bodies at moderate supersonic Mach numbers, the 
Newtonian approach gives surprisingly accurate 
pressure distributions.

Small disturbances spread in all directions, 
moving at the velocity of sound. If the body creat
ing the disturbance is moving at subsonic speed 
(M less than 1), the disturbances outrace the 
body, and the entire field of flow is affected. If the 
body is moving at a supersonic speed (M greater 
than 1), that body outruns the disturbance. All 
the disturbances are contained within a cone 
whose vertex is at the disturbance.

Once a disturbance is created by a part of a 
body, for example, by a fin on a missile, its effect 
can never be felt by any upstream part of the 
missile if the speed is supersonic.

A large disturbance such as would be set up by 
a blunt nose of a body traveling at supersonic 
speeds is propagated as a discontinuous wave with 
speed greater than the velocity of sound. This dis
continuous wave, which is called a shock wave, 
stands in front of the body and travels at the same 
speed as the body rather than at the speed of 
sound. Across the shock wave there is a discon
tinuous jump in pressure, temperature, density, 
and velocity. The flow across the shock is no longer 
potential, and viscosity plays an important role. 
The shock wave is a dissipative mechanism since 
the stagnation pressure of the flow behind the 
shock is always less than the stagnation pressure 
of the flow in front By stagnation pressure we 
mean the total pressure which would be obtained 
if the flow were decelerated isentropically (with
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out a loss or gain In heat) to zero velocity. The 
static temperature is higher behind the shock than 
in front, but the stagnation temperature is the 
same since the law of the conservation of energy 
stilt holds across the shock wave.

Base and Friction Dray
There are two important sources of drag: base 

drag and friction drag. At low-subsonic speeds, 
these two items comprise practically the entire 
drag of the vehicle, for pressure drag is virtually 
negligible. Pressure drag starts to become impor
tant at transonic speeds where compressibility 
first becomes important; at supersonic speeds 
pressure or wave drag predominates.

The origin of base drag can be described 
roughly as follows. The flow separates at the base 
of the missile and expands around the comer to 
form a turbulent wake. Adjacent to the base, a 
wake of turbulent eddies is left, the pressure level 
of which is below the static pressure of the main 
stream. This acts in effect like a suction against 
the base and constitutes the source of base drag. 
Calculating the pressure in the base region is diffi
cult, and experimental data are used almost exclu
sively. The complete flow mechanism in the base 
region is not fully understood, particularly the 
effect of the high-velocity flow out of the main 
rocket nozzles on the base flow patterns. The low
est base pressures (and hence the largest contribu
tion to drag) occur at low-supersonic Mach 
numbers, and the base pressure gradually ap
proaches free stream ambient pressure as the 
Mach number increases.

Another source of drag is friction. As stated 
earlier, the effects of viscosity appear to be con
fined to a thin region of air immediately in contact 
with the body, as for example the boundary layer. 
Just outside the boundary layer, the air is moving 
at high velocity. At the surface of the body, the 
velocity of the air is zero. The occurrence of a 
velocity gradient across the boundary layer gives 
rise to a shear stress which is the source of fric
tion drag.

Friction between the air in the boundary layer 
and the surface of the missile gives rise to another 
important effect, namely, aerodynamic heating. 
This phenomenon is not significant at low speeds; 
however, it becomes very important at high speeds 
even if the free-stream air temperature is at or

lower than the temperature of the missile surface. 
The reason for this is that the energy of motion of 
the air is large compared to the thermal energy. 
In the boundary layer, the action of viscosity 
causes a large fraction of the kinetic energy of 
motion to dissipate as heat.

Which jobs does the aerodynamicist do with 
respect to heating? He determines the nature of 
the boundary layer. He calculates or estimates the 
value of the Stanton number throughout the tra
jectory. He determines the flow properties (p, V, 
T, and M) at the edge of the boundary layer ail 
over the body. In general, these are not the same 
as free-stream properties of the flat plate example. 
The aerodynamicist must calculate ail the prop
erties of the flow field about the body and not 
merely the pressure, as we indicated earlier. The 
calculations to determine the time-history of the 
skin temperature are too complicated to be per
formed by hand and are generally solved on a 
computer. The following section shows how the 
aerodynamicist furnishes the input data for these 
calculations.

Techniques for Determining 
Aerodynamic Effects

The physical laws governing the flow of gases 
are well known for most cases. Exact solutions to 
the equations are seldom practical in engineering 
problems. A pproxim ate theoretical treatm ent 
(where theory is used as a guide) is a more valu
able approach and forms the basis of most analy
tical design work. The use of large computing 
machines helps in obtaining exact solutions to 
certain equations; but even here, the complexity 
of the equations, the difficulty of programming 
them on the machines, and the length of comput
ing time needed to obtain solutions make this ap
proach impractical for solving individual prob
lems. The use of machines becomes practical when 
many calculations of the same type have to be 
made. In a few areas, the physical laws are not 
fully understood, as for example, in the case of 
turbulent flow. In such cases, the theory to date 
just correlates experimental data but docs not ex
plain the real mechanism of the physical phenom
enon.

Making use of available theory as best he can, 
the aerodynamicist calculates the flow field about
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Figure 2-41. . Healing of Guidance Compartment of Typical Ballistic Missile

a missile through the trajectory. He determines 
the pressure distribution over the body for loads 
and stability data. He determines the density, tem
perature. and velocity distributions for aerody
namic heating calculations. Since Mach number in 
a typical trajectory varies from zero at launch to 
values as high as 15 by the time the missile leaves 
the atmosphere, the aerodynamic analyses are 
generally performed at a series of discrete Mach 
numbers. Continuous behavior between these dis
crete points is assumed. The Reynolds number 
also varies considerably throughout the trajectory, 
and is of considerable significance in determining 
the aerodynamic heating. For this problem, the 
aerodynamicist has to consider the variations of 
both M and R throughout the trajectory.

MisslU Aerodynamic Heating

Figure 2-41 illustrates the boundary layer heat 
input and the skin temperature of a typical ballis
tic missile. The particular location studied is on

the guidance compartment of the vehicle. The skin 
material is an aluminum alloy. The results are for 
a normal trajectory. The effect of a nonstandard 
trajectory (such as would be obtained, for exam
ple, if gyro drift occurred) is also illustrated. You 
can see that the skin material, its thickness, the 
trajectory, and trajectory deviations must all be 
determined so as to keep the maximum skin tem
perature within allowable limits.

The structure design and environment of the 
ballistic missile arc now presented.

S truc tu re  D esign  a n d  E nvironm ent

One of the most important objects in ihe struc
tural design of a ballistic missile is the reduction 
of weight to a minimum consistent with the de
sired performance and reliability of the missile. 
To do this, the loads and environment to which 
the structure is subjected must be accurately 
known. This section reviews the characteristics of 
a ballistic trajectory which influence structural
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Figura 2-42. Typical Ballistic Missile Trajectory

loads and then presents the various types of loads 
which result.

First, a few standard terms used in the descrip- 
lion of structural requirements must be defined. 
These terms emphasize the importance attached 
to weight in the missile design. The "limit load” of 
a structure is the maximum load that the structure 
is required to sustain without permanent deforma
tion. The "ultimate load” is the maximum load 
which the structure is required to sustain without 
failure, as for example, rupture or collapse. The 
ratios of these loads to the maximum expected 
loads are the limit and ultimate factors of safety, 
respectively.

These factors allow for such things as size toler
ances, variation in material properties, and varia
tions in the loading conditions from those ex
pected.

Trajectory Characteristics Which Cause loads

A typical ballistic trajectory, as shown in figure 
2-42 starts off with a short vertical rise during 
which the missile is rolled to the desired azimuth 
direction. Then, for the mathematical trajectories, 
there is an instantaneous tip over into a "zero lift” 
or “gravity” turn. In this turn, the missile axis is 
maintained parallel to the velocity vector so that, 
ideally, there is zero aerodynamic lift and the 
forces on the missile are minimized. After leaving 
the atmosphere (approximately 40 miles), a “con
stant attitude” trajectory is followed until burnout. 
This trajectory results in maximum range and is so 
named since the thrust vector is maintained at a

constant angle with respect to the launch vertical.
The real missile cannot possibly change instan

taneously from the vertical rise to the gravity turn. 
Actually, there is an intervening transition turn. 
The object of the transition turn is to attain the 
gravity turn as rapidly as possible, subject to lim
itations on pitching, velocity, and acceleration. 
During this transition turn, the missile axis is not 
aligned with its velocity vector and is, therefore, 
subject to aerodynamic lift.

During flight, the missile acceleration increases 
at a gradual rate because of the consumption of 
the fuel, while the thrust remains the same or 
increases slightly. In determining structural loads, 
wc are not interested in the acceleration which is 
the derivative of the velocity, but the total accel
eration including that due to gravity. Expressed 
in terms of the number of Gs, this is called the 
load factor, n, and is equal to the thrust minus 
the drag divided by the weight, n = T  — D/W. The 
force required to support any object in the missile 
is then equal to n multiplied by the weight of the 
object.

One of the major disturbances to the missile 
trajectory is wind. The comparison of the wind 
profile with altitude is shown in figure 2-43. This 
is nominally a 99-percent profile; that is, the 
velocities shown are not expected to be exceeded 
more than 1 percent of the time. The maximum 
value of the wind, 300 ft/sec, occurs at 35,000 ft, 
the same altitude at which the maximum dynamic 
pressure occurs. Now consider the types of loads 
acting on the missile.

Axial Loads. To appreciate the general char
acter and distribution of axial missile loads, con-
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Figure 2-44. Axial Miuil* Loads

slder figure 2-44, a schematic sketch of a typical 
ballistic stage indicating the principal weight items 
and axial loads acting on the structure. The prin
cipal weights are the nose cone (or later stage for 
a multistage missile) and the propellants. Com
pared to these, the effect of the distributed weight 
of the structure itself is small.

^Starting from the front end, you can sec that 
the structure supporting the nose cone must resist 
its inertia reaction, nW„, and its drag, D. The 
drag is proportional to the dynamic pressure, 
while the inertia reaction is proportional to the 
load factor, n. For a blunt high-drag nose cone, 
the maximum axial load will occur at the maxi
mum dynamic pressure; while for a heavy low- 
drag nose cone (or later stage), the maximum load 
will occur at burnout.

Next, consider the section behind the forward 
tank (In this case, the oxidizer tank). In addition 
to the load carried by the nose support structure, 
this section must support die inertia reaction of

the oxidizer. Since the oxidizer's weight decreases 
at approximately the rate the load factor increases, 
the inertia reaction remains constant The total 
load on this section increases gradually with time.

For the section between the rear tank and the 
engine, the axial load almost equals the thrust 
minus the inertia reaction of the engine; therefore, 
the axial load increases slightly during flight due 
to the increase of thrust with altitude.

Bending Loads. Bending loads ore primarily 
caused by maneuvers and by aerodynamic lift 
forces resulting from angles between missile axis 
and relative velocity of the air (angles of attack).

Ideally, the only maneuvers and angles of at
tack occur during the transition turn. The problem 
is to devise a turning program which is completed 
before the dynamic pressure becomes high but 
which, at the same time, minimizes pitching accel
erations and velocities.

During the gravity turn, small angles of attack 
result from such things as gyro drift in the turning 
program and nonstandard weights and thrusts. The 
largest angles are caused by winds. As the result 
of a transverse wind, the velocity of the missile 
with respect to the air is no longer parallel to the 
missile axis, and aerodynamic lift is developed. 
The resultant of the lift acts on the forward part 
of the missile tending to pitch the missile up and 
increase the angle. The control system then swivels 
the engine to prevent this. As a result of these 
forces (the lift at the front end, the engine side 
force at the rear, and the missile’s own inertia), 
the missile is subjected to moments which tend to 
distort it as shown in figure 2-45.

On the concave side the stresses due to the 
bending moment add to those caused by the axial 
loads, while on the convex side they subtract. 
Since the bending moments arc primarily due to 
the aerodynamic forces resulting from the winds, 
they have their peak value at the time of maxi-

L

figure 2-45. binding Loads

2-35



AFM 52-31 1 July 1972

mum dynamic pressure, that is where the winds 
also have their maximum value.

Thermal Loads, Although the effects of heat
ing are not strictly loads in the sense that the pre
viously discussed axial and bending loads are, they 
have to be similarly studied in designing the struc
ture. High temperatures affect the structure in 
two ways:

1. They affect the properties of the structural 
materials and thus reduce the toads which the 
structure can carry.

2. They cause internal stresses due to differen
tial expansion of structures. This differential ex
pansion results either from two parts of different 
materials being heated equally or parts of the 
same material being subjected to temperature 
gradients.

Of the two effects, the reduction in material 
properties is generally more important since it re
quires either the change to more heat-resistant and 
less efficient materials, or the use of additional 
material or insulation to reduce the temperature. 
The second effect can generally be minimized by 
detail design of the structure.

One method of reducing the heating problem is 
to fly a more nearly vertical or lofted trajectory. 
This Is undesirable since it reduces the perfor
mance of the missile; however, it may be necessary 
for an existing missile for which some change, 
such as increased thrust, has resulted in a higher 
heating rate.

Internal Pressure. Internal pressure in the 
tanks has to be treated in two ways:

1. As a load which determines the wall thick
ness of the tank.

2. As a part of the structure which helps resist 
axial and bending loads.

Dynamic Loads. Up to now we have consid
ered steady loads or loads which varied slowly 
compared to the principal frequencies of the mis
sile. Now, we consider some of the important sud
denly applied or rapidly oscillatory loads.

At launch. The sudden increase in thrust at 
engine firings or the sudden release of the missile 
on launching can cause considerable amplification 
of the normal steady state loads. This can place 
limits on the starting time of the engines and/or 
require the missile to be released gradually or 
prior to the full buildup of engine thrust.

Vibration. The greatest source of vibration is 
the nonsteady thrust of the engine. Other causes 
are oscillatory aerodynamic forces and bending of 
the missile. Vibration primarily affects the missile’s 
electrical and mechanical equipment and their 
mountings, and it may cause their structural panels 
to fail due to fatigue.

Propeliant sloshing. Another cause of oscilla
tory loads is the sloshing of the propellants in the 
tanks. By itself, thp effect on structural loads is 
not great, but by coupling back through the con
trol system, it can be very great.

This brings up one of the major problems in 
missile design, the coupling between the control 
system and the missile. This problem is primarily 
in the controls area, but there is a strong interac
tion with the structure and the structural loads. 
The control system tries to guide the missile in a 
predetermined attitude program. The attitude is 
measured by a gyro mounted on the missile. Be
cause of the bending of the missile, the gyro does 
not measure the true attitude. The control system 
may make a false correction, leading to instabili
ties. The problem is to find a position for the gyro 
and a circuit design for the control system which 
will make the system stable. This is complicated 
by the fact that because of the large changes of 
weight the bending characteristics of the missile 
change considerably during flight.

Flight Leeds
You can see that there are two primary critical 

times of flight for the structure of a vertically 
rising ballistic missile.

The first occurs at maximum dynamic pressure. 
It is characterized by large aerodynamic forces, 
bending moments, relatively low-axial load fac
tors, and low temperatures. It primarily affects 
rearward sections where the variation of axial load 
with load factor is smalt. Being primarily an aero
dynamic condition, it is sensitive to changes in the 
pitch program but is not particularly sensitive to 
changes in weight or thrust

The second occurs at stage burnout, the burn
out of the first stage usually being most critical 
It is characterized by small aerodynamic forces, 
large axial load factors, and high temperatures. It 
primarily affects forward sections where the loads 
Increase rapidly with axial acceleration and the 
temperatures are high. This condition is sensitive
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to changes in weights and thrust, but is only sec
ondarily affected by the pitch program’s influence 
on heating.

Secondary but sometimes important critical con
ditions occur at launch and during the transition 
turn.

General design philosophy holds that the 
ground loads should not determine the design of 
my major structural element of the missile. Be
cause of the importance of missile weight, only 
flight load should be considered in the design of 
missile structure. This means that for handling, 
transporting, and erecting, special equipment is 
developed which will not subject the missile to 
loads which are greater than those it incurs in 
flight Except for regions primarily affected by 
drag, the axial load increases continuously during 
the time of flight of a stage and the rate of increase 
is much greater for sections at the front end than 
for those at the rear.

Techniques for Studying 
High-Speed Aerodynamics

Techniques for studying high-speed aerodynam
ics are one of the major problems of supersonic 
aerodynamics. Developing missiles for supersonic 
speeds requires special procedures and special 
equipment. New wind-tunnel designs have helped 
to solve this problem.

W ind  T u n n e l s . While wind tunnels for some 
lime have been used with great success in the sub
sonic field, they have had to be improved and en
larged to meet the needs of missile study.

1 July 1972

As soon as a missile reaches Mach 1, the effects 
of shock waves must be considered. In setting up 
such velocities as this in wind tunnels, engineers 
found that shock waves are reflected off the tun
nel walls. The diameter of the tunnel compared to 
that of the model must be very large to approach 
the conditions of actual flight.

New techniques in wind-tunnel design have 
eliminated the reflection of the waves, or “chok
ing” effect. The problem of supersonic and hy
personic tunnel design is not in many ways as 
great as that of subsonic tunnel design but a 
bottleneck in progress developed because of tran
sonic speeds.

Wind-tunnel choking, scale effect, or Reynolds 
number, which up to this time have been well 
understood, take new aspects in the transonic 
region. Results of scale-model tests can no longer 
be truly reliable; consequently, development of 
larger supersonic wind tunnels is necessary. Wind 
tunnels have been constructed which accommo
date complete missiles of the smaller sizes. Most 
of the larger missiles are tested by stages, using 
full-size stages. Figure 2-46 shows the basic layout 
of a simple wind tunnel.

R eports of Wind Tunnel T ests. The follow
ing are parts of reports made on wind-tunnel tests:

. . . Eight data runi were made at Mach number 
2.23 to measure the turbulent-boundary-layer shear 
stress along a flat plate, and to obtain total pressure 
surveys through tbe boundary layer. The plate was 
tested at angles of attack of 0, -1.25, and -3.00

HONEYCOMBS TO NSURE 
STRAIGHT AIR FLOW

PROPELLER

MANOMETER 
FOR REGISTERING 
the static head
IN D IC AT IN G
air velocity

MOTOR CONTROL FOR 
KEEPING CONSTANT AIRSPEED

BALANCE FOR MEASURING AIR FORCES
Figure 2-46. Wind funnel Condruciion
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degrees to vary the effective Free-stream Mach num
ber . . .

' , . . Thirty-five data runs were made at Mach
number 1.73 to obtain the stability, control, and 
drug characteristics of composite configurations of 
ihc 1/82.5 scale model. The model was mounted 
with -24 roll-indexing balance to record six-com
ponent data between -8 and -f 12 degrees indicated 
angle of attack at 0 and 90 degrees roll attitude. 
Eleven surface deflections of 0, -6. and -10 degrees 
were tested . . .
These samples give you some idea of whot is 

included in the thousands of tests that must be 
made in the development of a missile.

Progress Reports on Guided Missiles
During the development of any missile, periodic 

reports are published giving new developments 
and the results from tests made on current models. 
Parts of such reports are given on this and the 
next page. The examples are given so that you 
may realize the complexity of the problems that 
confront designers in the development of new 
missiles.

The following exemplifies a typical progress 
report on a missile, showing what the related 
influencing factors are.

. . . The tactical requirement of this guided 
missile made it necessary that the tactical version 
of the missile be capable of carrying a warhead of 
2000 pounds and have a  range of approximately 
1000 miles. Also desired was that the tactical ver
sion would be in production in the shortest lime 
possible. This made advisable the use of slandard 
and proven design features. To use a reliable and 
proven powerplant, a low supersonic speed was 
chosen that allowed the use of a conventional 
turbojet engine.

The cruising speed was chosen as Mach 0.85. 
This speed helped tn making the vulnerablily less. 
An added reduction in vulnerability was realized by 
selecting a high cruising altitude of 60,000 feet. 
High wing loading made it impractical lo choose a 
cruising altitude above 60,000 feet. Since this mis
sile was to attain supersonic speed during the 
terminal dive, it had to exhibit good stability and 
control characteristics in the transonic and super
sonic regions. These high speed requirements also 
called for clean design. To have a clean design, it 
was decided to have a symmetrical configuration 
throughout the missile. This symmetrical design in 
the transonic region of speed is desirable because 
one advantage for transonic speeds occurs at Ihe 
zero-lift dive condition.

A sharp sweepback angle and low aspect ratio 
were also decided upon lo improve the Mach speed 
characteristics. The airfoil sections were made ihizi

and symmetrical; this also aided the high-speed 
performance. Having a jweptback wing made pos
sible the elimination of the horizontal tail surface 
since longitudinal control could be obtained by the 
trailing edges of the wing. Ailevalors provided the 
necessary lateral and longitudinal control. Elimina
tion of a horizontal tail surface greatly simplified 
the design and eliminated air-flow problems that 
would otherwise be present. It also eliminated other 
problems that would have been met in designing 
separate control surfaces to have the same critical 
Mach number. The ailevators were placed near the 
fuselage which reduced the length of the connec
tions to the actuators within the fuselage.

The design of the vertical tail section was deter
mined by the same considerations as those for the 
wing sections. Good directional stability was attained 
by proper location of the single vertical tail section. 
The use of a double vertical tail had been consid
ered, but since it was desirable to provide a landing 
gear for recovery, the double tail was abandoned. 
The cost of flight-testing the missile was so great it 
was worthwhile to provide this landing gear.

Control response was investigated at the cruising 
speed to be sure that the missile had the required 
maneuverability. It was decided to use banked turns 
since the .%kid-lurn performance was inadequate. 
This change caused some further complications 
within the autopilot and controls system . . .
The following information might be typical of 

another progress report of a considerably smaller 
missile than the one reported above.

. . .  In this particular missile, the size and shape 
were the main consideration; therefore, the main 
attention was given to the number, size, and loca
tion of control surfaces. Designing a missile accord
ing lo specified size and shape gives rise to particular 
aerodynamic problems. The factors of greatest im
portance are those concerning drag, stability, and 
maneuverability.

ft was desirable that this missile exhibit good 
stability at low speeds and in adverse wind condi
tions. A highly sweptback, delta wing was chosen to 
give the desired lift and stability at low speed and 
at the desired upper limit of speed of Mach 3. Since 
lifting surfaces suffer a loss in lift al higher speeds, 
Ihe chosen wing showed good performance under 
all conditions.

To limit the overall length of the missile, it was 
decided to eliminate a tail section and use four 
symmetrically placed wing surfaces. Modifications 
of the control system were made to function with 
the planned configuration.

To attain the desired maneuverability of this 
missile, having a small lifting surface, it was decided 
to use adjustable jet vanes in addition to the wing 
controls. These jel vanes were located in the motor 
exhaust and coupled directly to the control surfaces. 
The jet vanes provided good control at low speeds 
before the wing surfaces became aerodynamical]y
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cffedive. These jet vanes were graphite coaled to 
withstand the high temperatures of the motor ex
haust . .
From the examples above, you can readily see 

that considerations given to missile design are 
many and varied. No one problem stands alone 
when a new missile is being developed.

TRENDS IN CONSTRUCTION OF MISSILES

Up to recent times, fuselage construction of 
missiles followed the usual pattern of semimono- 
coque or full monocoque design. A semimono- 
coque type usually has four main longitudinal 
members with secondary members attached to 
them. In full monocoque, the construction depends 
entirely on the skin being attached to the sec
ondary members, thus forming a shell-like struc
ture.

One metal used to cover structures is titanium. 
This metal is about 60 percent heavier than alumi
num but only about half the weight of steel. Its 
alloys are several times stronger than aluminum 
and rival the best steel alloys. Titanium is used 
for skin-stressed structures as well as nonstruc- 
tural parts. New methods of forming and machin
ing titanium have resulted in its increased use 
for missile and aircraft structures.

Another important characteristic of titanium is 
its resistance to high temperature. The problem 
of surface temperatures has been mentioned before 
in regard to the structural problems. Apart from 
this, the temperature rise presents a serious prob
lem of premature explosions of warheads, result
ing in combustion in the fuel lines and damage to

operating equipment. Titanium can be used in 
the 300* to 800° temperature range encountered 
in the transonic and supersonic speed ranges.

Materials other than metals have been de
veloped as structural materials and are being used 
extensively. One of these is known commercially 
as Spiralloy. This material is composed of con
tinuous glass fibers helically wound on a mandrel 
and bound with epoxy resin to form very strong 
components such as rocket motor cases. The third- 
stage motor of the Minuteman HI is one example 
of the use of this material. One of the latest 
materials in use is a graphite composite or graph
ite yarn wound on a mandrel and impregnated 
with epoxy.

There is a continuing search for stronger and 
lighter structural materials and methods of fabri
cating missile structures. In the future, many new 
materials will undoubtedly be found, tested, and 
improved to provide lighter and stronger vehicles 
capable of carrying larger payloads.

SUMMARY

This chapter has presented a general picture of 
the problems involved in the field of aerodynamics. 
As you can see, it would be beyond the scope of 
any one text to cover every phase of aerodynamics 
in detail.

In your work with a missile organization, you 
don’t need a complete knowledge of aerodynamics. 
It is to your advantage to have an understanding 
of the basic concepts of aerodynamics as it has 
been presented here.
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Propulsion of Guided Missiles

Guided missiles must move with a high veloc
ity to lessen the probability of interception and 
destruction by enemy countermeasures. Missiles 
must also be able to intercept and destroy high- 
velocity enemy missiles and manned aircraft in 
flight.

The reciprocating engine-propeller combination 
was a satisfactory propulsion device for aircraft 
until the start of World War II when necessity 
demanded the development of aircraft capable of 
higher subsonic and even supersonic speeds. As 
speeds increased, the combination proved unsatis
factory because with a constant power input the 
propellor thrust diminished rapidly after a certain 
speed was reached. This condition necessitated 
extremely large engines to produce sufficient 
horsepower to give further increase in speed. In 
addition, when approaching the speed of sound, 
shock-wave formations on the propeller dras
tically reduced the thrust for an engine of given 
horsepower.

Lack of sufficient power was one of the main 
reasons why supersonic flight was not realized at 
a much earlier date. Acrodynamicists have cal
culated that 35,000 hp would be required to pro
pel an F-51 at a speed of Mach 1.5 at 50,000 
feet. On the other hand, an aircraft the same 
size and weight as the F-51, but incorporating 
all the latest aerodynamic refinements, including 
jet propulsion, would require only 8000 hp under 
the same conditions.

B A S IC  FORMULAS AND L A W S  

UNDERLYING J E T  P R O P U L S IO N

Jet propulsion is defined as a means of loco
motion brought about by a change in the momen

tum of matter ejected from within the propelled 
body.

Because of this definition of jet propulsion, 
jet-propulsion engines are sometimes referred to 
as reaction-type engines. This label is not suf
ficiently specific, since any body moving in a 
fluid works on the reaction principle if it is self- 
propelled. The action of a conventional propeller 
consists of increasing the momentum of the air. 
and the propeller thrust is the resultant reaction. 
The ordinary propeller-driven aircraft is not a 
form of jet propulsion because the working fluid 
is not ejected from within the vehicle. If the 
propeller were ducted and the air allowed to pass 
through the vehicle, then the vehicle would have 
mechanical jet propulsion. None of the jet-pro
pulsion engines in missiles use the mechanical 
method.

To understand the principles involved in jet- 
propulsion systems, you must consider a basic 
mathematical analysis of how the thrust of a jet 
engine is developed. Remember that thrust is 
any force tending to produce motion of a body.

Newton's second and third laws of motion are 
the underlying principles on which jet propulsion 
is based. Newton's second law of motion states 
that an unbalanced force acting upon a body 
causes the body to accelerate in the direction of 
the force. The acceleration produced is directly 
proportional to the unbalanced force and inverse
ly proportional to the mass of the body. The 
formula for force is

F  ss Ma,  (1)

where F  is the unbalanced force in pounds, M is 
the mass of the body in slugs, and a is the acceler
ation produced in feet per pound. Mass is a fun-
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damrnral proper') nf metier wh*.y (M K i rt ô 
tttiM a change ie velocity A body at ,jtte .t act1 J 
on by the force <A |? 3 »r> »h»h  u  imiuJly 
refrucd •.o at t.ie acrekcuiioo of gravity Thu 
*c;e!ct..t.c;i ct "g’ at .1 ;» utu*Ky cuikd. aoo-nK  
:n appoxi mutely 322 ft tec u c  at the turf»:e 
;:f the f J i i i  the weight of a body u. therefore, 
the M e t t u r t d  oo that w ait that cautet a to 
be accelerated at 32 2 f i /« c  vec Matt, weigh?. 
•»nd acceleration can be nut.vena:*: ally related 
by the iv.k*mo$ expretpon

M (2)
%

\*hcic M w att :n t>u|t«. W * we«|hl m 
poc<vi». and |  -» the *cctktat:oo of gravity 
Akhccgh the v*J«r of g decreutet w*h .ncteaung 
altitude. c*uung a cornet p*mdmg tfecrcate in 
wt:ghr. :h;t effect can safely be ignored in atmo- 
iphenc aod tow Orbital flight

No*, by Hibthiutinf equation 2 in equaoon 1. 
Newtoo'i uck)J  ia* way be represented by

w
F =  - a  (3)

Jn the applicateon <rf that equation to jet pro- 
puh»or». F o  the unbalanced fofet which acceler
ate* the working fluid through the exhaust n o o k .  
and a i* the acceleration hi ft. arc*. In accordance 
with Newim i  third .‘aw <rf morion. the forward 
thru** :T> of a .ee-pecpultJOo unit h equal and 
opposite to this unbalanced force <K»

By defcneioo. acceieratioe a it the rate cf 
■haege of velocity v and may be expressed at

•  here »i »i the imt.il velocity of took masa. ** 
n the fcaJ velocity cf that tame ma*v and ( it 
ihe time required :o change the velocity tram vf 
to v* th e  e n se a l eqaastioo. V *  Ma. may be 
tewr.ttea at

F _ Y> —

Since by deficit;*?*. Mv it called momentum. we 
<*n state that the thrust of a jet tngme n  equal to 
the rate cf change <rf tnomcrJua of the working 
<ViHi The above equator. it Ittqtemly rewnuan at

<«>

where a  repretents M /t and *t called the matt 
rare of If^w cf the working Cu.d n tio ft pet 
tecond

Now it! W equal the :o<a. ^e.ght m pojndt of 
working fViid that Ao»* throogS thr jfwt dur ng 
the thnui-produusf portion of jperat.oa. and k: 
t equal the lotaj time tequrred Then. W /; will 
rqua' tbe wesghr tale of Aow m pou“iH per *cc- 
ernd Lrtrwf w ■■ W/». the ecuanrs for rhrcV, 
become*

T “5 *  (V* • ». ). f")

w h t«  T -  \htv$\ m pound*
w u  weight rale of flow cf working dj»d 

iq pounds per tecood 
v: =_ .-make or mitial vebeky of working 

fiu«l
*: — e ttu u u  or dnal letocity t»f workirg 

Add
% •_ acccWiatton of gravity tiake© as 

32 2 ft/tec4)

While the above equacioQ n  actually the 
method foe caktilttm t ^  f « «  taerkd upon the

w~*4 4 laa

»-ia i» —  jiT  e »1  
•^ •to rt/vc1

w ^ tU k )
F#g<me J.J. fa n tgh i rf N e* ttr 'i lerw rf te»  

of A*̂ *ewF =  m fv, -  v; ).
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i  fu^d. pc aho g.vea the vju„e of ibc thrust 
foccia# #d* )«* «>*#* forward

f« wr.pt n  of New tan's Kcood It«  are shown 
0 | |u t t  V l Tbc first figure Shows a body wtigh- 
u i  32 2 ifci subjected to a force cf 23 ,b*. result- 
lof id u  eccekrtocn of 20 ft sec* The next 
ifmr* sbowt a body weighing lw*e at much »

) »*Y

e^uul to the ambient pressure »

T ^ * v ,  ( I )

In a rocket engoc the cxiwuvt fa t leaving the 
ncn .e  i  frequency at a pressure ocher tftan 
ambient Under Hut condition. another term must

|1*U,V Git

v»-»0C »t/H<

^ jV y -V J

ftHtott- Z l r / u c * ' * 0 0 " ' * 4*  I000,' /U i' 
'•w w -aocc,«

3 J a/ Newton'i Serond tow a/

the previous ooc but acted upoo by a like force 
of 20 Jbs Sore that the aooek ration imparted to 
the body ia this case is 10 ft/set* Tbc third 
fif-a/c again show* a body weighing 32 2 lbs. IhX 
the iffH td  force is decreased to 10 lbs Note 
that the ucctkretioo hat ako decreased as. com
pared to the 3r»: Ofwuatsoo 

la the drawmg of a jet eng;tse m figure 3-2. 
the appued force rciuht freet the chemical reac- 
i*o« between the air and the fuel Observe that 
the resulung aocekeatioo given lo the weight of 
wtecmg find b  the change m vdoc-ty cf the 
wgee mg fVj»d from v, to v* The thrust that drives 
the engine forward tx equal m magmetde b u  
oppeade m direction us the force that drives die 
wore mg f  u:d rearward I he drawing of the jet 
er.f.oe in figure 3-2 illustrates a typical situation 
® •h k h  an engine develops thrust m accordance 
wrth Newton's second law of motion

la the case of a rocket-propulsion engine where 
the working fluid, ot foci, n  stored within the 
smt. the onginal velocity (v,) h  aero The thrust 
toroiuk for a rocker when the pressure of the 
marking fluid (exhaust gas) at the ooixk ex< a

be added to account foe this additional thrust 
Fquation 8 then becomes

T  =  ( K  P*> A*. <*)

where P, -  pressure cf the gas at the n e n k  exit 
P. ■ atmospheric press-re 
A. "  area of nonr.e exit

A rocket motor w.mch permits the expanveo of 
I he propcJant products lo the pressure cf the sur- 
founding atmosphere is referred to as a motor 
with cpt*mum expansion ratio

Since changes in ihc atmospher*. pressure affect 
the pressure thrust, a variation ot the cocker- 
motor thrust with altitude is to be expected The 
change m pressure thrust due to altitude changes 
may amount ic 10 io >0 percent of the overal'. 
thrust The following conclusions may be slated

♦ Fm rr.ai pressure decreases thrust
• Rocket would operate most efficiently m a 

vacuum, where atmospheric pressure (P*) ;s tera
Notice ihat thrust is always expressed as 

pounds of force xrsd not m terms of work or 
horsepower A jet engine that is being ttat.c-fired
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;* no; moving ihiough any dntaoce and it do<rtj 
no *crk. not it * dcrelop*r.f t t y  hue* power 
You can caicmiete ihe thruvt borxpowet tcx a 
moving enmik powered by a jet engine by the 
following rtlauatnfcip

Tknnt Hoocpower (THP) =
Speed of rratule (mph) >< Thrift (pound*)
Ooc Hcir*po*er (au!t~pourdt per bout)

11k  horte power m the denominator it equiv
alent *.o 375 jo Ue-pound* per hcet and it derived 
from the more frequently u*cd ho t*  power unit 
cf 33.100 foot-pound* per rmsute A mixii.e of 
the V-2 rype. if develop*og 56.000 pound* of 
(hnm and traveling at 3750 » ik*  pee hour, 
would develop 560.000 her*  power . Cxmg equa- 
;wfl IQ.
3750 mph x  56 OOP tie  

375 mi ih/Kr
-  560.000 THP ( I I )

CooudfT ihe case of a lacteal m m ik c a p p e d  
vnh an atr-breaduag )« ecgme aod app.’y ihe 
tame formula. became turbojet e q io e t ace aHo 
rated to thrift bo m po n r  (THF) rather than in 
ueiit of Nonepower.

The cuatik. making a lest Sight, it tying at a 
wdccity of 642 toph. In turbojet engine H devtl- 
op«ng 6000 pound* of thruft What it the I HP?

642 u p * x  6000 P*
375 mb lb/hr

3.152.000
“ 373“

-  THP

-  I0J72  THP

Since the air denhry dec re t tea with met eating 
1 rstpetalure or mcreatmg aliit-ade, either ot both 
of three variation* wUI revolt io a decrease in the 
n a n  how rate of ak through a jet engine ft all 
other factor* rrtsam unchanged, tfcia mill ret ok 
m decree ted thru*:

Stppcne a tactical mc**ik it launched on a 
mituon laiohnog a dtftaooe of approximately 
1000 mile* Wtde variance* m weather can take 
place ov« a fOOO-mtk range At the mimle Ext 
along ai a proet altitude of 25.000 fee;, it *  cer
tain to Py through air n n t r t  at different *em- 
perature*. If k »  Dying in a crld air m m . the 
temperature decreaac*. and the demity of that 
particular maw i o a m o  Became of tbit inerrme 
»  deoxity, tbe THP incrc**e* If. at a later period.

the miude encounter* a warm air n u u  with a 
retailing tccrea* to temperature, the dentny cf 
that mat* will decreate Web rhe decrcatr i« 
dem ty the THP decreatet

A common miicoccep<»oo m rfce cate a.* jet 
engine*, especially tbe rocket. H that the exhauit 
gate* ;mpan thrust to the mi*$ik by pushing 
agasaft the ojt**de ait. Ihe n r «j» no way help* 
drive the rocket It act* on.y to impede the 
rocket** motion.

ClASIJHCATtO* Of m  riOfU lU ON STSTfMt
Tht* section dr*cu*te* jet-propulwuo *y*tem* of 

l*o gcneraJ cl**t.AcjiKxtt rocket and air-breath
ing propuATon systems

K edet lyU tm t
Racket* are *  If-contained thrust-producing 

system* A rocket-propehed vehick derive* *s 
thtuft from t|ect>on cf hot gate* generated by ;be 
ccmbtiftion or dtcampout.oo of propellant* car- 
rKd in rhe *ehkk Rocket* may be either ihe 
l«qu*f nr solid propellant type* The necessary 
propellants are fuel and oxidim  a* sho»n in 
Sgure 3-3 An oxidirer H a rjbftance %bch stp-

t«|vf* g j. Aocket Cnnm owif fvW Oa«d>re* 
{A* indeowWane)

port* combuiooo when combined with a fuel and 
thereby perrmtj operation of the rocket indcpen 
dent of the atmoephere

Air*irewrt4«f t nglne Syetama
The au-breathicg engme syterm provide* a 

mean* of jet pcopuiuoa and throw augmentatioo 
The medium (air) through whch rhe m onk 
patvet i* forced into the duct (primarily by ihe 
ramming mrema of the m ittik  through the *ir>. 
and the intake (ram) air. m the ca*e of oce tuch 
type tyttem, n  oompreated by a mechjnKal com- 
preoor umt. heated, aod allowed to expand 
through an exhtuat nozzle The compre**>uo a
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usually achieved by some form of rotary com
pressor wheel driven by a turbine.

Study the sketches in figures 3-4 and 3-5 of

c o m b u s t i o n

the turbojet and turboprop engines as you read 
the next few lines. Hot gases that result from the 
combustion of fuels and air in the combustion 
chamber strike the turbine wheel causing it to 
rotate. The rotary motion is transferred by means 
of a shaft to the compressor wheel which com
presses the air.

The ramjet engine is another example of an 
air-breathing engine system. In this type, com
pression of the working fluid (air) is obtained by 
proper design of the intake section of the duct 
and the high forward velocity of the vehicle. The 
intake air is compressed to create additional pres
sure for assisting combustion. The gases which 
result from the combustion process expand to a 
high velocity through the exhaust nozzle. The 
ramjet engine pictured in figure 3-6 is of this type.

C O M P R E SS IN G  SEC T IO N EXHAUST
N O Z Z IE

A third type of air-breathing engine system is 
the intermittent, or pulsejet, unit. This engine also 
obtains pressure and velocity changes in the fluid 
medium by proper design of the intake section of 
the duct. It differs from the two previous types in

3-5
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that the flow of air and heat-giving fuel is inter
mittent, or in cycles, Notice the illustration in 
figure 3-7.

Another form of an air-breathing system is 
typified by a rocket engine which has an aug
menting shroud encircling the exit of the thrust 
chamber nozzle. This feature increases the thrust 
of the shrouded rocket engine by the momentum 
of the additional mass of air accelerated into and 
ejected from the inside of the encircling duct by 
the exhaust stream.

A variety of engines have been proposed that 
combine a rocket and a ramjet in an attempt to 
obtain a jet-propulsion system that would have 
better low speed characteristics than a ramjet and 
a higher specific impulse than a rocket.

The various types of jet-propulsion systems are 
discussed in detail later in this chapter. Consider 
first the types of fuels used by these systems.

GUIDED MISSILE PROPELLANTS

Earlier you read that thrust is developed as a 
result of energy released in the jet-propulsion 
engine. A large quantity of readily available 
energy is found in certain materials. When these 
materials react in a jet engine, they impart thrust 
to propel the missile, These materials and the 
oxidizers with which they react are called pro
pellants. Large quantities of high-pressure and 
high-temperature gases are produced by the chem
ical reaction of a fuel and an oxidizer at the prop
er time and rate m the combustion chamber. The 
heat energy thus made available is converted into 
kinetic energy in the exhaust nozzle, or tail pipe.

When you read of an engine that can travel 
faster than an artillery shell, operate in a vacuum, 
deliver more energy than a reciprocating engine, 
and do so with few or no moving parts, you may 
get the idea that some very complex chemical 
mixture must be used as the propellant. Such is 
not the case. Jet-propulsion systems can operate 
on such common, cheap fuels as kerosene, gaso
line, alcohol, gunpowder, and coal dust. How
ever, obtaining a desired result depends upon, 
among other things, the proper choice of a fuel- 
oxidizer combination on the basis of energy
releasing capabilities and convenience of use.

From the standpoint of physical stale, propel
lants may be either solids, liquids, gases, or vari
ous combinations of these. Generally the propel

lants are either solid or liquid. Hybrid rockets 
use a solid fuel and a liquid oxidizer. Gases are 
rarely used for propellants unless they have first 
been liquefied since it is difficult to carry the 
required mass of gas in a tank of reasonable si2c 
and weight.

Propellant Performance Terms

There are various methods of rating the per
formance of different propellants. A liquid or 
solid propellant rocket system may be rated by 
what is referred to as total impulse. The total 
impulse is simply the product of the thrust in 
pounds times the firing duration in seconds, or 
stated in formula:.

Th X t =  K
Where:

Th =  thrust developed (lbs) 
t =  firing duration (sec)
It — total impulse (lb-sec)

(Note that total impulse is in lb-sec and not in 
lbs per sec.)

Rocket propulsion systems and propellants are 
rated on the basis of specific impulse. Specific 
impulse is defined as the amount of thrust pro
duced per pound of propellant consumed per 
second or more simply the thrust produced divid
ed by the propellant flow rate.

Where: f,p =  specific impulse (pound-seconds 
per pound)

Th =  thrust (lb)
w =  propellant flow rate (lb per sec)

When lip is used to rate a propellant, the thrust 
used in the equation is the thrust that would be 
theoretically produced by burning the propellant 
at 100 percent combustion efficiency under speci
fied operating conditions, usually 1000 psi cham
ber pressure, expanded to sea level pressure. 
(Note that the specific impulse is pound-seconds 
per pound or lb-sec/lb.)

For example, if the specific impulse of white 
fuming nitric acid (WFNA) and furfuryl alcohol 
is 214 pounds per pound per second (Ibs/lb/sec), 
it simply means that 214 pounds of thrust are
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obtained from each pound of propellant burned 
each second.

The term specific impulse is usually restricted 
to rocket propulsion systems and includes both 
tbe fuel and oxidizer. Pure air-breathing engines 
me the oxygen in the air to bum their fuel and 
i$ would be misleading to calculate I«p for these 
^sterns in the same manoer as for a rocket. Con
sequently, the term specific fuel consumption is 
used for air breathers. It is defined as the fuel 
flow rate in pounds per hour divided by the 
tjinist.

wSpecific fuel consumption =  ^

Where: w =  fuel flow rate in lb per hr 
Th =  thrust in lb

Other terms are mixture ratio and exhaust ve
locity.

jMixture ratio designates the relative quantities 
of oxidizer and fuel used in the propellant com
bination. It is numerically equal to the weight of 
oxidizer flow divided by the weight of fuel flow or:

W„
=  mixture ratio

Exhaust velocity is determined theoretically on 
the basis of the energy content of the propellant 
combination. The actual velocity of the exhaust 
gases is less than this theoretical value. The term 
'‘effective exhaust velocity” is sometimes used and 
is determined on the basis of thrust and propellant 
flow. The actual, or real, exhaust velocity is that 
obtained whea the kinetic energy of the gas flow 
produces actual thrust. The actual exhaust velocity 
is determined by using real values for thrust and 
total weight flow rate of propellants, or by using 
calculated values that are modified by a “velocity 
correction factor,” combining all necessary correc
tions into one value.

Solid Propellants

Solid propellants are chemicals, in a plastic or 
rubber-like form, which, when ignited, produce 
hot, high pressure gases which can be used to 
provide the reaction force for rocket propulsion. 
A solid propellant formulation usually includes 
two or more of the following constituents:

1. Oxidizer (nitrates or perchlorates)
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2. Fuel/Binder (organic rubbers, resins, or plas
tics)

3. Fuel (aluminum, powder)
4. Chemical compound combining fuel and oxi

dizer qualities (nitrocellulose or nitroglycerin)
5. Additives (to control fabrication process, 

bum rate, etc.)
These substances are mixed to produce a solid 

propellant of desired chemical and physical char
acteristics. The finished product is called a solid 
propellant grain.

Ideally, a solid propellant would possess the 
following desirable characteristics:

1. High energy content
2. High density
3. Manufactured from easily obtained substances
4. Safe and easy to handle
5. Easily stored; stable to shock and tempera

ture changes
6. High physical (mechanical) strength proper

ties
7. Ignites and burns uniformly
8. Nonhygroscopic (will not absorb water vapor)
9. Smokeless

10. Flashless
11. Non-toxic

Note that none of the propellants used to.day 
has all these desirable properties; in fact, every 
one of them has several drawbacks. It is most 
often the case that a specific desirable property in 
a solid propellant is obtained at the expense of 
other properties.

Specific Solid Propellants. Modern solid 
rocket propellants may be divided into two general 
classes, double-base propellants and composite 
propellants. A third important class, which com
bines features of both, is the composite-modified 
double-base (CMDB) propellants.

Double-base propellants have as their principal 
components nitrocellulose and an energetic plas
ticizer, such as nitroglycerin. The term "double
base” differentiates this type of propellant from 
many gunpowders which have been traditionally 
based on nitrocellulose. Other materials may be 
added in smaller proportions to serve as stabilizers, 
non-explosive plasticizers, coolants, opacifiers, and 
burning rate modifiers, or otherwise confer desir
able properties on the end product.

The propellant is prepared in the form of a 
rigid plastic having a nearly homogenous structure.
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A typical double-base formulation, that of ballis 
tite, is as follows:

Chemical Percent Purpose
Nitrocellulose 51.38% Propellant
Nitroglycerin 43.38% Propellant
Diethylphthalate 3.09% Plasticizer
Potassium Nitrate 1.45% Flash Suppresser
Diphenylamine .07% Stabilizer
Nigrosine Dye .10% Opacifier

Ballistite has a specific impulse at sea level of 
approximately 210 lb-sec/lb and is characterized 
by a smokeless exhaust. A variety of processes are 
used to manufacture double-base propellants. In 
the extrusion process, the blending and mixing are 
accomplished by running the propellant through 
heated differential rollers or other mechanical 
shaping devices. The material is then extruded 
through a suitable die at very high pressures. The 
extruded grain is then heated to relieve internal 
stresses. Although the extrusion process requires 
costly equipment, it permits the exact control of 
grain size and shape. In the casting process of 
double-base propellants, nitroglycerin liquid is 
cast into an evacuated mold with small pellets of 
nitrocellulose. The mold is heated and the nitro
cellulose forms a nearly homogeneous solid with 
the liquid mixture.

Composite propellants are made by embedding 
a finely-divided solid oxidizing agent in a plastic, 
resinous, or elastomeric matrix* The matrix ma
terial usually provides the fuel for the combustion 
reaction. Composite propellants have been made 
in a great variety of compositions. Oxidizing 
agents which have been used extensively include 
ammonium nitrate, sodium nitrate, potassium 
nitrate, ammonium perchlorate, and potassium 
perchlorate. Asphalt, natural and synthetic rub
bers, aldehyde-urea and phenolic resins, vinyl 
polymers, polyesters, and nitrocellulose arc among 
the matrix materials which have been employed 
as binders. Minor constituents may be added to 
modify the properties of the binder or to catalyze 
the burning process. In addition, metallic fuels, 
such as aluminum, have been used in composite 
propellants. The addition of metallic particles in
creases the combustion temperature, thus increas
ing the specific impulse. Metallic particles also 
increase the density and alleviate certain types 
of combustion instability.

The common characteristic of the varied compo
site propellants is a markedly heterogeneous struc
ture with adjacent regions of oxygen-rich and 
oxygen-deficient materials* Most solid propellants 
being manufactured today for missiles arc made 
up of a rubber binder with ammonium perchlorate 
oxidizer and aluminum powder fuel. Such propel
lants are used in all stages of the Minuteman III 
and Poseidon missiles.

The composite-modified double-base Propellant 
essentially uses a double-base propellant as the 
binder and incorporates solid fuel and oxidizer 
particles. Such propellants have a higher specific 
impulse than a conventional double-base propel
lant and have been used in the Polaris and Minute- 
man missiles.

A comparison of the three classes of propellants 
is shown in table 3-1.

Solid Propellant Ballistics. The burning 
rate of a solid propellant is the velocity at which 
the grain is consumed. The rate Is a measure of 
the linear distance burned, in inches per second, 
in a direction perpendicular to a burning surface.

The thrust of a rocket motor depends on the 
mass rate of flow and change in velocity of the 
working fluid. For high thrust levels, large mass 
rate of flow is necessary. This high mass rate of 
flow can be obtained by either a large burning rate 
or a large burning area. A smaller burning area 
produces less mass flow and less thrust. By vary
ing the geometrical shape of the grain, the thrust 
developed by a given amount of propellant in a 
given combustion chamber can be greatly influ
enced.

Figure 3-8 shows the two major grain configura
tion types. The top drawing shows an end-buming 
grain. It is a solid cylinder which completely fills 
the combustion chamber and burns only on the 
end face. The thrust is directly proportional to 
the cross-sectional area and the burning duration 
is directly proportional to the length or web thick
ness of the grain. The web thickness is defined as 
the distance which the burning thickness must 
recede in order to consume all of the propellant. 
The second drawing is a center perforated grain 
and the web thickness is the distance between the 
inside and outside surfaces. Usually the outside 
surface is inhibited or bonded directly to the case 
and burning occurs only on the inside surface.
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TabU 3-1. G*n*rat Companion of Solid Propoltants

>
D O U SIM ASE

COMPOSITE
(RtfWMHrativt COMPOSITE-MODIFIED

(lolllnlW Formulation) DOUBLE EASE

Specific ImpilM 
%**c/1ba 210 2*5 270

ib / V .050 .065 .067

Explosive Fire Hazard Explosive
Hazard Only Hazard

M*ek««lcol Acceptable for Acceptable for Acceptable —  motor*
Strength tavail /wotota all lize avatars up to A3" diameter

CENTER PERFORATED
Ftgurm 3-8. Sofid Propoitant Configuration!

The ends can either be inhibited or allowed to be
come a burning surface.

Burning of solid propellants depends on the 
size and shape of the grain. One propellant grain 
may bum in such a manner that the burning area 
remains constant This type of burning is known 
as neutral burning and an end-burning grain is an 
example of a neutral burning grain. Progressive 
burning is exhibited when the burning area of a

grain increases as burning progresses. The third 
class of burning is regressive burning. This type 
of burning is exhibited by an ever-decreasing 
burning area as burning progresses. A star-shaped 
center perforated grain exhibits regressive burn
ing.

Solid Propbllant L imitations. There are 
two characteristics peculiar to solid propellant 
rockets which limit their use.

Temperature sensitivity. The initial tempera
ture of a grain noticeably affects its performance. 
A given grain will produce a higher level of thrust 
on a hot day than on a cold day. Temperature 
changes affect the equilibrium pressure and the 
burning rate. The percentage change of thrust per 
degree fahrenheit temperature change is referred 
to as the temperature sensitivity for a particular 
propellant. This characteristic of a grain empha
sizes the need for storage under certain tempera
ture conditions until time of usage.

Temperature limits. Some solid propellants are 
limited to a fixed temperature range for reasons 
other than temperature sensitivity because tem
perature also affects the physical properties of
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solid propellants. At extremely low temperatures, 
solid propellant grains become brittle and are sub
ject to cracking. Cracks in a grain may have a 
catastrophic result because increases in burning 
area increase the combustion chamber pressure. If 
this pressure exceeds the pressure for which the 
chamber was designed, a fracture or explosion 
results. A propellant exposed to high tempera
tures before firing will cause the propellants to 
become weak and exhibit a plastic behavior. The 
propellant grain, therefore, may be unable to with
stand the loads caused by a sudden rise in cham
ber pressure or accelerations which the vehicle 
might undergo. The subsequent failure again is 
due to an undesirable increase in burning area. 
The temperature under which propellants can 
function is, therefore, limited. Typical operating 
temperature limits for an asphalt base thermo
plastic propellant is +25® F  to 120* F; for a 
double-base propellant, -20* F to +140* F; and 
for a modern castable composite propellant, -60* 
F to +160* F.

Liquid Propellants

In contrast to solid propellants which arc an 
integral part of the rocket motor, liquid propel
lants are injected into the combustion chamber 
from tanks. Liquid propellants permit longer fining 
duration and intermittent operation. Combustion 
can be stopped and started at desired intervals by 
controlling propellant flow. Throttle thrust control 
can also be obtained, if desired.

Many liquid-propellant combinations are in use 
and others have been experimentally investigated, 
but as in the case of solids, no combination has 
been found possessing all the desired character
istics for all applications. Desired characteristics 
are as follows:

1. Adequate availability of low cost raw mate
rials and ease of manufacture.

2. High heat of combustion per unit of pro
pellant mixture to give high performance.

3. Low molecular weight of the gaseous prod
ucts of the reaction. Generally, propellants having 
a large weight percentage of hydrogen will best 
meet both 4,2" and “3" because of the much higher 
heat of combuslioa per pound of hydrogen than 
carbon. Also, the hydrogen-containing products 
of the reaction have lower molecular weights than 
the carbon-containing products.

4. A low freezing point and high boiling point 
(low vapor pressure), permitting a wide range of 
operation.

5. High specific gravity, allowing a large weight 
of propellant to occupy a given space and thus 
permitting smaller missile construction with less 
structural weight as a result of smaller tanks.

6. Low toxicity.
7. Non-corrosive and thermally stable, thus 

simplifying storage problems.
C lassification  of L iquid Propellants. 

Liquid propellants may be grouped under either 
monopropellants or bipropellants. Bipropellants 
can be further identified as cryogenic or storable. 
Heterogeneous propellants (containing a solid 
component in a liquid carrier) and tripropellant 
systems have also been investigated.

MonopropeUants can consist of a single com
pound that will decompose, or of a fuel and oxi
dizer combined into a single fluid that is com
busted. Hydrazine (N 2*L) and hydrogen peroxide 
(HizOj) are examples of compounds that can be 
catalytically decomposed to produce hot gases. 
Iridium on alumina granules is the catalyst com
monly used for hydrazine. Silver screens (solid or 
plated) are used for hydrogen peroxide mono- 
propellant systems. MonopropeUants consisting of 
fuels and oxidizers pre-mixed, such as nitric- 
acid/amine or hydrogen peroxide/glycol, have 
not gained acceptance because of their sensitivity 
to shock, or ability to propagate a detonation.

Cryogenic propellants must be kept refriger
ated. Liquid hydrogen and liquid oxygen are 
allowed to boil-off, thus keeping the remainder 
of the Liquid cold. Insulated tanks must be used. 
Propellant losses in a missile must be made up to 
avoid sacrifice of range. Such missiles must be 
serviced shortly before launch and can be kept in 
a flight-ready condition for only a few days. 
Liquid fluorine requires the use of a refrigerant, 
such as liquid nitrogen, since boil-off of toxic 
fluorine gas cannot be permitted. The entire sys
tem must be chilled prior to servicing, or provi
sions made to collect the vaporized fluorine.

For military applications, storable propellants 
offer the advantage of instant readiness. Nitrogen 
tetroxide, nitric acid, chlorine pentafluoride, hy
drazine, etc., can be loaded into the missile and 
stored in a ready condition for several years. Small 
missiles can be filled at the manufacturing plant
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(pre-packaged) and shipped and stored without 
any further' propellant-servicing operation
required.

Aluminum (Al) and beryllium (Be) are high 
performance fuels. To use their high energy* and 
yet retain the flexibility offered by liquid propel
lants, heterogeneous fuels have been evaluated. 
Fine particles of A1 or Be (10-25 micron) are 
suspended in a liquid fuel such as hydrazine or 
kerosene. A gelling or thickening agent (about 
2-5% ) is added to prevent the metal from settling. 
Extreme care must be exercised in the formulation 
of such gelled or slurry propellants to assure that 
requirements of storage stability and flow charac
teristics are met.

The highest performing chemical propulsion 
system is the tripropellant combinations of hydro
gen, beryllium, and oxygen* with an Isp of about 
525 sec. Hydrogen, lithium, and fluorine combi
nation is also a very high energy system. More 
development work is required before these con
cepts will be practical.

Rocket propellants* by their very nature* are 
reactive chemicals. They must be stored and trans
ferred with equipment constructed of compatible 
materials. Handbooks listing suitable materials, 
components, design criteria, proper handling pro
cedures, and safety guidelines must be consulted. 
The properties and characteristics of operational 
propellants are well-defined and must be under
stood by those working with them. Properly han
dled, liquid propellants present no undue hazard 
to personnel or facilities.

The commonly used liquid propellants, and 
some that are in an advanced development state, 
are discussed below.

L iquid Fuels. Ethyl alcohol (CaHaOH) is a 
clear liquid* lighter than water, and has a boiling 
point of about 173° F and a freezing point of 
-178° F. It is stable to shock and temperature 
changes. This fuel is readily available because of 
its wide commercial market in the chemical and 
liquor industries. Alcohol is not ordinarily con
sidered toxic but proves so if taken internally in 
excess. This fuel used along with liquid oxygen 
constituted the propellant of the German A-4 
(V-2) rocket.

U n s y m  m e t r i c a l  d i m e t h y l h y d r a z i n e  
((CHi)sNaH*]* commonly known as UDMH, is 
a colorless, watery liquid with a “decaying fish”

odor. UDMH has a boiling point of approximately 
145* F, a freezing point of -71.5° F, and a spe
cific gravity of 0.792. UDMH is similar to hydra
zine. It is a toxic* volatile, and corrosive liquid. 
It is also a highly flammable liquid which will 
flash at the extremely low temperature of - 6* F. 
Because of its low flash point and high flammable 
properties, UDMH presents a fire hazard wher
ever it is handled or stored. Although liquid 
UDMH is not shock sensitive, its vapors in air can 
be exploded by an electric spark or flame.

UDMH has two main advantages over pure 
hydrazine; it is thermally stable and has a very 
low freezing point. It does not provide quite as 
high a specific impulse as hydrazine. Mixing of 
the two substances offers a suitable compromise, 
thus a 50-50 (w t% ) mixture was selected for the 
Titan II and Titan III systems.

UDMH is stored in tanks or drums in areas 
remote from other activities. Oxidizers or acids 
should not be stored in the same storage area used 
for UDMH. Adequate water supplies must be 
available for firefighting purposes and for use in 
washing down spills and leaks.

Personnel working with or handling UDMH 
must wear approved fire-resistant protective suits, 
gloves, hats, boots, and face shields. Approved 
self-contained breathing apparatus must also be 
worn when working in high concentrations of 
UDMH vapors or when exposure will be for a 
long period of time. Emergency showers and eye 
baths are provided in areas where UDMH is 
handled or stored. These are required safety items 
for all areas where toxic propellants are handled 
or stored.

Hydrazine (N2H4) is a clear, colorless, oily 
liquid with an odor similar to that of ammonia. 
It is a strong reducing agent, weakly alkaline, and 
very hygroscopic. It will react with carbon dioxide 
and oxygen in air. Hydrazine is a stable liquid, 
boiling at 236* F, and freezing at 35* F. Since it 
contracts upon freezing, tanks and components 
will not be damaged. Thermal decomposition be
gins at about 320* F, but will occur at lower 
temperatures in contact with catalytic materials 
such as copper, cobalt, iron, and molybdenum, 
their alloys and oxides. Because of the suscepti
bility of hydrazine to decompose, it is used as a 
monopropellant in small engines, such as attitude 
control thrusters. Decomposition of hydrazine
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with Shell 405 catalyst (iridium on a porous 
alumina substrate) is spontaneous as 40* F and 
above. Most storable oxidizers (nitric acid, hy
drogen peroxide, nitrogen tetroxide, chlorine pen- 
la fluoride) are hypergolic with hydrazine.

Liquid hydrazine, if spilled onto the skin or 
into the eye, can cause local damage or burns. In 
addition, it can penetrate the skin to cause effects 
similar to those produced when the fuel is swal
lowed or inhaled. Repeated or gross exposures 
may cause toxic damage to the liver and kidneys 
and anemia. Protective clothing must be worn 
during any handling operation. Respiratory pro
tection must be worn if spills or leaks are likely.

Hydrazine is stable to shock, but the vapor 
propagates detonation within the flammable limits, 
and at high temperatures. Water is the most effec
tive fire-fighting agent.

High purity aluminum and 300-series stainless 
steels are generally acceptable for hydrazine ser
vice.

Liquid hydrogen (H t) is non-toxic and non- 
corrosive. It forms combustible and explosive mix
tures with oxidizers. If allowed to evaporate, it 
becomes highly combustible with air over a wide 
range of mixtures. It ignites very easily with 
oxygen and spontaneously with fluorine a r i  chlo
rine trifluoride. Liquid hydrogen gives a specific 
impulse of over 400 lb-sec per lb when combined 
with oxygen or fluorine. It is also considered as 
the working fluid in nuclear rocket propulsion 
designs because of its low molecular weight. When 
liquefied a few degrees above absolute zero, the 
liquid has a density of only 4.8 Ib/cu ft.

High purity liquid hydrogen is a transparent, 
colorless, odorless liquid. It has a boiling point of 
-423° F, and it freezes at —435°F. Its density at 
-423* F (as a liquid) is 0.59 Ibs/gal. It is usu
ally boiling vigorously when in an observable 
condition because of its low boiling point and 
creates a voluminous vapor cloud when exposed 
to the atmosphere, It is chemically stable but is 
physically stable only when stored under suitable 
conditions, again because of its low boiling point.

Liquid hydrogen presents many problems in its 
use, storage, and handling. As with most cryo
genic fluids, the effects of low temperatures on 
material properties are extremely important. Ma
terials such as mild steel and ferrous alloys lose 
ductility at liquid hydrogen temperatures and be

come brittle. The severe temperature changes to 
which equipment associated with liquid hydrogen 
use is subjected can cause stress concentrations 
that must be considered when designing the equip
ment.

When no impurities are present, hydrogen bums 
in air with an invisible flame. With uncouflned 
hydrogen-air mixtures, rapid burning generally 
takes place when initiated by heat, spark, o r  flame. 
In confined areas or when ignition is accomplished 
by a shock source equivalent to a Hasting cap 
or a small explosive charge, an explosion of the 
mixture can occur.

Liquid hydrogen may be stored in either fixed 
or mobile tanks of proven design and materials. 
The containers used for shipping, storage, and 
transfer are insulated or vacuum-jacketed similar 
to those used with liquid oxygen to prevent rapid 
vaporization of the liquid hydrogen.

Personnel working I with liquid hydrogen are 
exposed to the possibility of serious “freezing” 
bums of the skin and eyes if they accidentally 
come in contact with the material through splash, 
spillage, or by contact with pipes and Valves at 
liquid hydrogen temperatures. Personnel must 
wear prescribed protective clothing to prevent in
jury. Emergency showers and eye baths are pro
vided in storage and work areas for immediate 
use by persons who have been splashed with this 
substance. In a confined area, gaseous hydrogen 
is an asphyxiant as a result of the exclusion of 
oxygen.

Kerosene is used In large quantities in certain 
ICBM missiles and space-launched vehicles. Kero
sene is derived from crude petroleum by refinery 
processes and is substantially a 100 percent hydro
carbon mixture. The nonhydrocarbons present in 
kerosene rarely exceed 0.1 percent and are princi
pally sulphur, oxygen, or nitrogen compounds. 
The sulphur content is limited by specifications.

Kerosene is a clear liquid, ranging in color from 
water white to a very pale yellow before a dye is 
added. Specific red dyes are added to the fuel to 
make leaks readily detectable.

Kerosene has a maximum freezing point of 
-40* F  and a boiling range from 350* F  to 525* 
F. The handling and storage practices for petro
leum products are well established.

Kerosene, like all liquid hydrocarbon fuels, 
bums only in the form of a vapor or gas and then

3-12



1 July 1972 AFM 52*31

only when mixed with oxygen or air within a 
(jcfinite range' of proportions. Kerosene in a liquid 
state is not explosive.

Although no special clothing is required lor 
handling any of the hydrocarbon fuels, personnel 
who are exposed to this material should wear 
protective clothing such as goggles, a rubber or 
plastic apron, and rubber or plastic gloves when 
splashing of fuel is likely. Fuel-splashed clothing 
should be changed and body contacts washed with 
soap and water.

The health hazards of hydrocarbon fuels at 
rocket launch sites are essentially the same as 
those in normal operations of aircraft and motor 
vehicle fueling.

Liquid Oxidizers. Oxidizers provide the nec
essary oxygen to support the burning of fuel. In a 
narrow sense, an oxidation is a chemical addition 
of oxygen uniting with a fuel to provide or to 
speed up combustion. When fluorine (Fa) unites 
with ammonia (NHa), no oxygen is involved, and 
yet chemically the process is so similar that it too 
is called oxidation.'

Liquid oxygen (CM is made by liquefying air 
and separating nitrogen and other gases. This 
bluish-looking liquid has a boiling point of ap
proximately -297* F and a freezing point of 
-363* F. It is heavier than water with a specific 
gravity of 1.14. Such a low boiling point causes 
an extremely high rate of evaporation. For this 
reason, storage and shipment to launching areas 
are problems, resulting in appreciable loss. When 
poured on metal at ordinary temperatures, liquid 
oxygen reacts like water dropped on a red-hot 
stove. Evaporation loss in the Atlas amounted to 
7 pounds for every minute of time that elapsed 
between fueling and firing of the missile.

The extremely low freezing temperature of 
liquid oxygen causes water vapor from the sur
rounding atmosphere to collect and freeze on 
pipes and valves. Liquid oxygen is noncorrosive 
and nontoxic, but contact with the skin may pro
duce severe burns. The term “burns" is used here 
in the same sense as you speak of burns resulting 
from dry ice.

Nitric acid (HNOa) has been used for many 
years aDd is still used in the Agena, Lance, and 
other rocket systems.

Most frequently used type is called inhibited 
red fuming nitric acid (IRFNA), consisting of

concentrated nitric acid in which 14 percent of 
nitrogen dioxide (NO2) is dissolved. IRFNA 
varies in color from orange to brick red and got 
its name from the reddish color of the nitric oxide 
fumes. It is easily obtained because of the large 
quantities commercially produced for explosives 
and fertilizers. Nitric acid is highly corrosive, so 
stainless steel or high purity aluminum is used for 
storage tanks and delivery pipes. However, the 
corrosivity of IRFNA is reduced considerably by 
the use of an inhibitor (0.7% hydrofluoric acid). 
The fumes of IRFNA are toxic and severe burns 
result from bodily contact with the liquid.

Nitrogen tetroxide (NaO*) is an equilibrium 
mixture of nitrogen tetroxide and nitrogen dioxide. 
NaO* is colorless in the solid state, and in the 
liquid state the color of the equilibrium mixture 
varies from light yellow to deep reddish brown. 
The color of N2O4 in the gaseous state is reddish 
brown. It has a boiling point of 70.01* F and 
freezes at 11.8* F.

This compound reacts with water to form nitric 
acid and nitrous acid. The nitrous acid decom- ' 
poses immediately forming additional nitric acid 
and evolving nitric oxide. Nitrogen tetroxide is 
hypergolic with fuels such as hydrazine, aniline, 
UDMH, and furfuryl alcohol.

The fumes of NaO< are highly toxic, and ap
proved respiratory protection and clothing must 
be worn by personnel engaged in handling or us
ing nitrogen tetroxide. The toxicity of N2O4 is 
essentially the same as that of nitric acid.

Because nitrogen tetroxide is noncorrosive 
when dry, mild steel containers are used for ship
ping and storage. Storage areas are well supplied 
with easily accessible deluge-type showers and 
eye wash fountains.

Nitrogen tetroxide Is a stable, nonflammable, 
shock-insensitive compound. It will not bum 
alone, but its vapors will support combustion. If 
spilled, it may cause a fire by coming in contact 
with organic materials such as sawdust, excelsior, 
wood scraps, or cotton waste. Toxic vapors would 
also be generated from such spills.

Fluorine (F j) is one of the most vigorous and 
powerful of the oxidizers. It has a boiling point of 
-306° F  and freezes at approximately -363° F. 
Its specific impulse when combined with hydro
gen Is one of the highest of any of the liquid pro
pellant combinations.
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Fluorine is highly toxic and corrosive in liquid 
or vapor form. Contact of fluorine with the skin 

' will cause bums and blisters. It requires all the 
care needed in handling and storing of a cryogenic 
liquid, as well as the precautions necessary for 
corrosive materials.

Chlorine pentafluorlde (C1F?) and chlorine 
trifluoride (C1F3) are high-energy, highly re
active oxidizers. In the vapor state these com
pounds are nearly colorless. The liquid is clear 
and faintly greenish-yellow in color. Their odor 
has been described as both sweetish and pungent, 
similar to chlorine or mustard.

ClFa and C1F« are toxic and corrosive agents, 
similar to elemental fluorine in reactivity. They 
attack soft glass and asbestos, will occasionally 
ignite fluorocarbon polymers (i.e., Teflon), and 
react with most materials, including concrete. 
Both oxidizers are hypergollc with most fuels.

These compounds are low boiling liquids (ClFa, 
+  53° F; ClFa, -F I8* F) so that at ordinary 
temperatures considerable hazard can be present 
if the liquid is inadequately enclosed. No refri
geration is required since Cl Fa and ClFa will re
main liquid under their own vapor pressure.

Stainless steel and high nickel alloys are pre
ferred metals for ClFa and C1F* systems; how
ever, the dry product is shipped and stored in 
clean, passivated mild steel cylinders. In proper 
containers, these oxidizers are storable for many 
years and are ideal for pre-packaged (loaded at 
the manufacturing plant) propulsion systems.

No materials are known which will provide 
complete personal protection, thus remote opera
tion is highly recommended. Some clothing items 
are available that will provide limited protection 
for short periods.

Although both ClFa and CIF* react with water, 
high pressure fog can be used to fight fires. Sodi
um bicarbonate base (dry powder) extinguishing 
agent is suitable.

Hydrogen peroxide (H*Ot) is a colorless liquid 
with freezing point at 14* F  and boiling point of 
288° F at 87 percent concentration. As sold at 
the comer drugstore, it is a mild liquid of about 
3 percent concentration. As a monopropellant or 
oxidizer for rocket units, the concentration ranges 
from 90 to 99 percent.

When in contact with some catalysts, such as 
silver or potassium permanganate, it decomposes,

forming steam and gaseous oxygen. When 90 per
cent hydrogen peroxide decomposes, about 42 
percent of the total weight of the decomposition 
products is gaseous oxygen. It is also used as an 
oxidizer with JP-4 in super performance rockets 
or fighter aircraft.

Another use of this substance is as a gas gen
erator; in this case, the gaseous products of de-r 
composition are used for driving auxiliary power 
units for generation of electrical or hydraulic 
power. The X-15 research aircraft used HaOa to 
generate electrical power, to drive the main en
gine fuel and oxidizer pumps, and to provide 
thrust for attitude control.

Containers for hydrogen peroxide are made 
of aluminum alloys, stainless steel, and certain 
plastics. It deteriorates in strength by only 0.1 
percent per year when stored at moderate tempera
tures.

Splashes of concentrated hydrogen peroxide on 
the skin may produce chemical burns, depending 
on exposure time.

Comparison of L iquid Propellants. Table
3-2 gives a general comparison of a few liquid 
propellants. The specific thrust and exhaust veloc
ities are calculated values, assuming an exhaust 
gas expansion to ohe atmosphere of pressure.

Keep in mind that no one propellant can be 
considered the best for all missiles. The intended 
mission of a missile or vehicle determines the kind 
of propellant used.

High Pressure Gases
Although not propellants, helium and gaseous 

nitrogen are also used extensively in servicing 
missiles.

H elium (He), Helium is an odorless, color
less, and chemically inert gas, which is not corro
sive, explosive, or flammable. Its principal use in 
missile operations is for pressurizing rocket pro
pellant and hydraulic systems, inflating high alti
tude balloons, and for use in heliarc welding oper
ations. Because of its inert characteristics, helium 
is also used to detect leaks in missile systems. 
Helium under high pressure presents a constant 
hazard, and suitable provisions for eye and ear 
protection are maintained for personnel working 
In areas where the gas under high pressures Is 
being handled. No special protective clothing is 
required for personnel. High concentrations of
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fabfo 3-2. Genova/ Comparton of liquid Propollants
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helium may create an oxygen deficiency in the 
immediate area, making the use of breathing ap
paratus necessary.

Nitrogen (N«). Gaseous nitrogen is colorless 
and odorless, and is not corrosive, explosive, or 
flammable. It is used primarily in missile opera
tions for purging liquid oxygen lines and fuel 
tanks, for pressurizing liquid rocket propellants, 
and for blanketing containers of highly active oxi
dizers and fuels.

Liquid Nitrogen (LN*) is used at missile sites 
primarily as a coolant, and for operational check
ing of liquid oxygen lines and valves without in

curring danger of fire or explosion. It is also used 
to provide nitrogen gas.

High purity liquid nitrogen is a faint yellow, 
transparent liquid which is slightly lighter than 
water. It is noncorrosive, highly inert, and will 
undergo chemical reactions only at very high 
temperatures. Liquid nitrogen has a boiling point 
of -320° F  and freezes at -346" F. It is stable 
to shock, heat, and electric spark.

The main hazards of liquid nitrogen to per
sonnel arise from its extremely low temperature 
and its ability to cause asphyxiation. As with 
liquid oxygen, serious "bums” and frostbite can
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occur when LN* comes In contact with exposed 
areas of the body. Nitrogen is not toxic (78% of 
the atmosphere is N2), however, nitrogen can dis
place oxygen in the atmosphere. Numerous deaths 
have resulted from asphyxiation. Because nitrogen 
has no color, asphyxiation is a real hazard. Per
sonnel must wear approved insulated loose-fitting 
mittens, protective suit, helmet, boots, and face 
shield when engaged in the handling, transfer, or 
use of liquid nitrogen. Respiratory equipment is 
required in confined areas.

BASIC COMPONENTS OF
JET-PROPULSION SYSTEMS

In any conventional jet-propulsion system, a 
working fluid must be compressed, heated, and 
expanded, converting some of the thermal energy 
to kinetic energy and thereby increasing the mo
mentum of the working fluid. In all types of jet 
engines, the heating takes place by a chemical 
reaction in the combustion chamber, and the 
transformation of thermal to kinetic energy takes 
place in the exhaust nozzle. The method of com
pressing the working fluid varies widely and is a 
primary factor in distinguishing one engine type 
from another. In a ramjet the compression occurs 
in the diffuser as a result of the deceleration of 
high velocity air. In the turbojet a rotating com
pressor accomplishes the compression. In a solid 
rocket, the compression results from the combus
tion of the propellant; while in a liquid rocket the 
propellant is pressurized by the feed system before 
entering the combustion chamber.

Combustion Chamber*
A combustion chamber is the enclosure in 

which the transformation of energy from chemical 
to thermal form occurs. Geometric shapes such 
as the cylinder and sphere are most common in 
the design and manufacture of the chamber. Al
though the ideal combustion chamber it in the 
shape of a sphere, those used in liquid fuel motors 
are generally oval shaped or in the shape of a 
cylinder.

The design of a combustion chamber is affected 
by many factors. For example, the chamber must 
have a large enough volume to permit combustion 
to take place smoothly and continuously. Smooth 
burning is just as important here as it is in an

automobile or aircraft engine. The length and 
diameter of the chamber must be such as to 
produce a chamber volume most suitable for com
plete and stable combustion. Depending upon the 
type of propellant used, the combustion chamber 
may also contain an injection system and an igni
tion system. Various types of these are discussed 
later.

One of the most important factors for good 
combustion is how well a fuel and oxidizer are 
atomized after entering the chamber. The manner 
in which the propellants enter the chamber is 
largely controlled by injector design and position. 
By keeping the exposed wall area of the chamber 
to a minimum, the load is reduced. A small com
bustion chamber diameter means higher combus
tion chamber gas velocities which results in high
er heat transfer to the chamber wall.

When propellants enter the combustion cham
ber by various types of injectors, they do so at a 
high velocity and pressure. They enter the area 
of combustion in the form of liquid droplets which 
quickly vaporize because of the intense heat. The 
propellants, then in a gaseous form, thoroughly 
mix and what is known as the “gas phase reaction” 
takes place. The high exhaust velocities needed 
are produced by expanding these gases in the 
exhaust nozzle.

Injectors. The function of an injector is similar 
to that of a carburetor in an internal-combustion 
engine. It atomizes and mixes the propellants in 
such a manner that a correctly-proportioned fuel- 
oxidizer mixture results.

In the multiple-hole impingement injector 
illustrated in figure 3-9, oxidizer and fuel are in
jected through a varied arrangement of separate 
holes in such a way that the jet-like streams 
impinge (intersect each other at some predeter
mined point), breaking up into fine vapor-like 
droplets.

A spray injector, second illustration in figure
3-9, has oxidizer and fuel holes arranged in circles 
so as to produce conical or cylindrical spray pat
terns which intersect, thus becoming atomized 
and well mixed.

A non-impinging type injector, lower illustration 
in figure 3-9, is one in which the oxidizer and fuel 
do not impinge at any specific point but mix main
ly by the turbulence and the formation of propel
lant vapors. The V-2 used such an injector head,
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Figure 3-9. Types of Injectors

using fine droplets of alcohol mixed with gaseous 
oxygen.

Ignition Systems. To initiate combustion, 
nonspontaneously ignitablc propellants must be 
activated by absorbing energy beyond that which 
they already contain. This energy is supplied by 
an ignition system. An igniter must be located in
such a manner that it receives a satisfactory*
starting mixture that readily ignites. Too great a 
collection of fuel and oxidizer in the combustion 
chamber before ignition may result in an uncon
trolled explosion.

A spark-plug ignition system has been used 
successfully by locating the spark plug in a region 
where initial fuel and oxidizer vapors form an 
ignitablc mixture. This type of ignition has been 
used on all types of jet engines. Sometimes a 
spark plug is used to ignite a smaller combustion 
chamber which in turn ignites the main chamber.

Spontaneous Ignition. Spontaneous ignition 
takes place when hypergolic propellants such as 
nitrogen tetroxidc and hydrazine are used. In this 
case,, merely bringing the two propellants into 
contact with each other is sufficient to initiate 
combustion. A slug start system is used to obtain 
spontaneous ignition when the main propellants 
are not hypergolic. In this case, a small quantity or 
slug of another propellant that is hypergolic with 
one of the main propellants is used to obtain igni
tion. Usually the starting slug is injected through 
the same injector passages as one of the main pro
pellants—obviously not the one with which the 
starling slug is hypergolic.

A powder-charge ignition system is used mainly 
for solid propellant charges. It consists of a 
powder squib which can be ignited electrically and 
then burned for a short time with a flame hot 
enough to ignite the main propellant charge.

A catalytic ignition method employs a solid or 
liquid catalytic agent which activates a chemical 
decomposition of the propellant, producing high- 
pressure exhaust gases.

Exhaust Nozzi.es. The function of a nozzle is 
to increase the velocity of the exhaust gas. This is 
accomplished by converting pressure and thermal 
energy to kinetic energy or velocity. In a con
vergent nozzle where the smallest cross sectional 
area is at the exit, the maximum velocity is 
limited to sonic or Mach I. As the pressure ratio 
(static pressure at the nozzle inlet divided by the
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static pressure at the nozzle exit) is increased, the 
' exit velocity will increase until it reaches Mach 1, 

The pressure ratio at which Mach 1 is achieved 
will vary somewhat with the gas composition but 
is in the vicinity of 1.5 to 2 (1.892 for air). At 
this point, further increase in the inlet pressure will 
not result in any increase in exit velocity, but will 
result in the pressure at the exit plane exceeding 
the ambient pressure. Under these conditions, the 
momentum thrust does not increase further but 
the excess pressure at the nozzle exit does increase 
the total thrust Whenever the pressure ratio ex
ceeds the value required to produce Mach 1 at 
the exit, a convergent-divergent (DeLaval) nozzle 
shown in figure 3-10 can be used to advantage. 
Under these conditions the exhaust gas will con
tinue to accelerate above Mach 1 and its static 
pressure will continue to decrease. For optimum 
expansion (maximum thrust) the divergent sec-

THROAT

A  LO C A T IO N  OP NO ZZLE  C O M P O N E N T S

C O N V E R G E N T  D IVERG EN T

6  C O N V ER G EN T -D IV ER G EN T ,O R  "D ^ L a v o l "N O Z Z L E  

f i g w  3-TO. Typical Exhaust NozxJti

tion of the nozzle must terminate at the point 
where the exhaust gas has expanded to ambient 
pressure. Further expansion would increase the 
exhaust velocity and the momentum thrust, but 
the nozzle exit pressure would then be below 
ambient and the adverse pressure area term would 
cause the pressure area term in the thrust equation 
to become negative. This would result in a de
crease in the actual thrust. For a given nozzle 
and nozzle pressure ratio, there is only one nozzle 
exit area that results in optimum expansion. The 
nozzle of a rocket on a long range ballistic missile 
is usually designed to be overexpanded at launch; 
that is the gas pressure at the exit of the nozzle 
will be expanded to a lower pressure than ambient 
and some thrust loss will result. As the missile 
rises, the atmospheric pressure decreases and at 
some altitude the nozzle expansion is optimum 
(nozzle exit pressure equals atmospheric pres
sure). As the missile altitude continues to increase, 
the nozzle will be under-expanded and the gas will 
leave the nozzle at a pressure higher-than ambient 
with that altitude. Note that although the nozzle 
is not producing as much thrust as it would if the 
expansion ratio were optimum, the thrust will con
tinue to increase as the atmospheric pressure de
creases due to the pressure term of the thrust 
equation. If a convergent-divergent nozzle is used 
in a situation where the pressure ratio is insuffi
cient to produce sonic velocity at the throat, it will 
act as a venturi. The gas will be accelerated as it 
passes through the convergent section and decel
erated in the divergent section. Convergent- 
divergent nozzles are therefore used in rockets, 
supersonic ramjets, and some turbojets where the 
pressure upstream of the nozzle Is relatively high. 
The convergent nozzle is used in subsonic ramjets, 
pulsejets and most turbojet engines. For both noz
zle types the most critical area is that of the throat 
since this area In conjunction with the combustion 
chamber pressure determines the mass flow rate 
of the working fluid. Once the nozzle is choked 
(operating at sonic velocity or Mach 1), the am
bient pressure has no effect on the flow upstream 
of the nozzle throat.

AIR-BREATHING ENGINES

As mentioned in chapter 1, any jet-propulsion 
system that obtains oxygen from the surrounding
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atmosphere to support fuel combustion is known 
as an air-breathing engine. Pulsejets, ramjets, tur
bojets, turboprops, and turbofans all fall in this 
category. The effective operation of these engines 
is limited by the amount of oxygen available. They 
can operate only at altitudes where the oxygen 
content of the atmosphere is adequate for engine 
operation. The upper limit varies with different 
engines.

Before taking up the types of air-breathing en
gines separately, look at table 3-3. The table gives 
a general comparison of some of the operational 
characteristics of various jet-propulsion units.

Pulsejet Engines
Pulsejet engines are not currently in use by the 

Air Force, however, the engine is an interesting 
application of jet-propulsion principles and could 
conceivably be used again.

Pulsejet engines received their name from the 
pulsating manner in which the combustion process 
took place. This type of engine first drew inter
national attention when used to propel the German 
V -l missile, often referred to as the "Buzz Bomb/* 
The American version of the V -l was known as 
the JB-2.

C o m p o n e n t s  o f  a  JB-2 E n g i n e . The four ma
jor parts of a pulsejet engine are the diffuser, grill 
assembly (air valves, air injectors, and fuel in
jectors), combustion chamber, and tailpipe as 
shown in figure 3-11.

A diffuser is defined as a duct of varying cross 
section, designed to convert a high-speed gas flow 
into low-speed flow at an increased pressure. The 
pulsejet air intake increases in cross section from

the mouth to the grill assembly. As air 9o* 
through this section, it undergoes a decrease L 
velocity and ah increase in pressure. This increase 
pressure at the inlet of the grill assembly result 
in a higher combustion chamber pressure ani 
finally in a higher thrust.

The grill assembly unit consists of a honeycoml 
arrangement of air intake valves, three starting ai 
injectors, and nine fuel injectors.

The design of air intake valves, or "flapper’ 
valves as they are frequently called, is the mos 
important feature of the p ill assembly. Thest 
valves consist of V-section supporting memben 
which are fitted with strips of spring steel. Tb< 
open ends of the Vs are toward the diffuser sec 
tion, and the closed ends point into the combustion 
chamber. The spring steel strips are spring-loaded 
in a normally closed position. They exert pressure 
against their respective supporting members. When 
the air pressure in the diffuser section is greater 
than combustion-chamber pressure, the flapper 
valves are forced open. When combustion-chamber 
pressure is equal to, or greater than, atmospheric 
ram pressure, the valves are closed. Figure 3-12 
shows the construction and operation of one of 
the many air valves located in the grill assembly. 
The flapper-valve unit Is so designed that any 
number of layers can be assembled to form a grill 
of desired dimensions.

The starting air Injectors are connected to a 
pressurized external air supply. The air injector 
provides an atomized mixture of fuel and air for 
initial combustion. The three starting air injectors 
operate only during the starting phase— not during 
flight.

VENTURI SPARK PLUG 
ASSEMBLY

NOZZLE AND 
RESONANCE TUaE

OIFFUSER
SECT IO N

AIR VALVE BANK
FUEL M A N IF O L D  (TO  9 FUEL INJECTORS)

STARTING AIR MANIFOLD (TO 3 AIR INJECTORS)
Flgvrt 3-11. Sfruefvre of Puhe/tf Engine
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Figure 3-12. Air Valve Positions

The nine fuel injectors are fed through a deliv
ery tube connected to the pressurized fuel supply 
stored within the missile.

Venturi sections, immediately aft of the grill 
a* cmbly, insure proper fuel atomization and in
creased muting of atomized fuel with air that enters 
through the flapper valves.

The combustion chamber contains the spark 
plug which provides initial ignition. Once started, 
combustion occurs periodically without spark-plug 
action.

The tailpipe of a pulsejet increases the velocity 
of the exhaust gases and determines the frequency 
of the combustion cycle. The frequency of opera
tion is expressed by the following relationship:

Frequency = Velocity of Sound 
4 x  Length of Tailpipe

The frequency of operation of the JB-2 pulsejet 
was approximately 50 cycles per second. In small 
engines with short tailpipes, the combustion cycle 
frequency could easily exceed 200 cycles per 
second.

E ngine and Fuel-System Operation. In op
eration, a fuel air mixture in the combustion 
chamber is ignited and bums explosively causing 
an abrupt rise in the combustion-chamber pres
sure. The flapper valves close, forcing the combus
tion products to flow from the engines through the 
tailpipe. As the tailpipe is considerably smaller in 
cross sectional area than the combustion chamber, 
the gases are accelerated to a high velocity. The 
combustion-chamber pressure rapidly decays as 
the gas flows through the tailpipe. When the com
bustion-chamber pressure reaches ambient, the gas 
in the tailpipe still has a significant velocity. The 
momentum of this gas causes it to continue to flow

for a short interval which, in turn, causes the 
combustion-chamber pressure to momentarily 
drop below ambient. Under these conditions, the 
flapper valves open admitting fresh air. Upon the 
addition of fuel to the fresh air, the mixture is 
ignited by the residual flame from the burning of 
the preceding charge. The fuel in the tank is forced 
through a filter, a shutoff valve, and metering unit 
to the fuel injectors.

Although the pulsejet is the simplest and cheap
est jet engine that is capable of producing static 
thrust, its limitations have restricted its use. The 
durability of the flapper valves is limited to a few 
hours at most; the pulsejet is not suitable for the 
propulsion of supersonic vehicles and its specific 
fuel consumption is higher than most other jet 
engines.

Ramjet Engines

A ramjet engine derives its name from the ram 
action which makes possible its operation. This 
engine is sometimes referred to as the athodyd, 
meaning aerothermodynamic duct.

Theoretically, ramjet operation is limited to 
altitudes below 90,000 feet because atmospheric 
oxygen is necessary for combustion. The velocity 
that can be attained by a ramjet engine is unlim
ited. Theoretically, the faster it travels the better 
it operates and the more thrust it develops. Actu
ally, its speed is limited at approximately Mach
5.0 because the skin temperature, as a result of 
frictional heating, has a harmful effect on the 
metals used in construction. The major disadvan
tage of a ramjet power plant is that the higher the 
operational speed for which it is designed, the 
higher the speed to which it must be boosted be
fore initial starting of the engine. The speed range 
in which ramjets are designed to operate is the
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basis for their classification. They arc classified as 
subsonic or supersonic ramjets.

Components of a Ram jet Engine. Basically, 
a ramjet consists of a cylindrical shaped tube open 
at both ends, with a fuel-injection system inside. 
The engine is extremely simple in design and has 
no moving parts. Even though all ramjets contain 
the same basic components, the structure of these 
components must be modified to produce satis
factory operation in various speed ranges. The 
necessary modifications are explained later in the 
discussions of the subsonic, low-supersonic, and 
high-supersonic ramjets.

The component parts of a ramjet engine are
• Diffuser section.
• Combustion chamber with the following parts:

Fuel injectors.
Spark plugs.
Flame holder.

• Exhaust nozzle.
The diffuser section serves the same purpose in 

the ramjet as it docs in the pulsejet. It decreases 
the velocity and increases the pressure of the in
coming air. Since there is no wall or closed grill 
in the front section of this engine, the pressure in
crease of the ram air must be great enough to pre
vent the escape of. the combustion gases out of 
the front of the engine. Diffusers must be especially 
designed for a given entrance velocity, or pre
determined ramjet speed. The desired pressure 
barrier is developed only when air is entering the 
diffuser at the speed for which that particular dif
fuser was designed. The ideal situation would be

AFM 52-31

a ramjet using a diffuser design which could be 
automatically altered in flight to conform with any 
ram air entrance velocity.

The combustion chamber is the area in which 
burning occurs and high-pressure gases arc formed. 
In contrast to the pulsejet, the ramjet uses a con
tinuous flow of fuel and air, and combustion is 
continuous. The fuel injectors arc connected to a 
continuous-flow fuel-supply system, adequately 
pressurized to permit fuel flow in the midst of 
high-pressure gases which exist in the forward sec
tion of the combustion chamber. Combustion is 
initially started by spark-plug ignition, but once 
started it is continuous and self-supporting. The 
flame holder prevents the flame front from being 
swept too far toward the rear of the engine, thus 
stabilizing and restricting the actual burning to a 
limited area. The flame holder also insures that 
the combustion-chamber temperature will remain 
high enough to support combustion.

The exhaust nozzle performs the same function 
as in the case of the pulsejet or any other jet- 
propulsion engine.

Subsonic Ramjet Structure and Basic Op
eration. A subsonic ramjet engine cannot de
velop static thrust; therefore, it cannot take off 
under its own power. If fired at rest, high-pressure 
combustion gases would escape out the front as 
well as out the rear. For satisfactory operation, 
the engine must be boosted to a suitable subsonic 
speed so that the ram air entering the diffuser sec
tion develops a pressure barrier high enough to

1 July 1972
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Figure 3-14. Structure and Combustion Processes of Supersonic Ramjet

restrict the escape of combustion gases io the rear 
only as shown in figure 3-13.

As ram air passes through the dilfuser section, 
the velocity of the air decreases while the pressure 
increases. This is brought about by the increase 
in cross section of the diffuser (Bernouilli’s theo
rem for incompressible flow). Fuel is sprayed into 
the combustion chamber through the fuel injec
tors. The atomized fuel mixes thoroughly with the 
incoming air, and the mixture is ignited by the 
spark plug. After initial ignition, burning is con
tinuous and no additional spark-plug action is 
necessary.

The gases which result from the combustion 
process expand in all directions as shown by the 
arrows in the central portion of the combustion 
chamber. The gases, expanding in the forward di
rection, are stopped by the barrier of high-pressure 
air and the internal sloping sides of the diffuser 
section, as indicated in the diagram by the short, 
wide, black arrows. The only avenue of escape 
remaining for the combustion gases is through the 
exhaust nozzle, and here another important energy 
conversion occurs. The pressure energy of the 
combustion gases is converted to velocity. To be 
more specific, the high-pressure combustion gases 
enter the exhaust nozzle with a velocity which is 
below the local speed of sound. While passing 
through the convergent-type nozzle, the pressure 
energy of the gases decreases and the velocity in
creases up to the local speed of sound at the ex
haust nozzle exit.

Thrust is developed in the ramjet as a result of 
the unbalance of forces acting in forward and

rearward direction. The bombardment of combus
tion gases against the sloping sides of the diffuser 
and the ram air barrier exerts a force in the for
ward direction. This forward force is not balanced 
by the combustion gases which escape through the 
exhaust nozzle. The unbalanced force determines 
the thrust.

Low-Supersonic Ramjet Structure and Ba
sic Operation. To operate, a low-supersonic 
ramjet must be boosted to a supersonic speed 
approximately equal to operating speed before 
ignition. When the forward speed of the ramjet 
becomes supersonic, a normal shock wave forms 
at the entrance to the diffuser section as indicated 
in figure 3-14. On the upstream side of this normal 
shock wave, the free-stream air is moving at a 
low-supersonic velocity. As the supersonic air 
passes through the shock wave, its velocity drops 
abruptly to a subsonic value with a corresponding 
increase in pressure. The shock-wave formation 
produces a valuable increase in air pressure at the 
diffuser entrance. As the compressed subsonic air 
flows through the diverging-type diffuser section, 
an additional increase in pressure and decrease in 
velocity is produced. The highly compressed air 
is now ready for combustion.

The combustion process is essentially the same 
as the combustion process in a subsonic ramjet. 
Fuel is mixed with the highly compressed air, the 
mixture is ignited initially by means of a spark 
plug, and burning is continuous thereafter. The 
potential energy possessed by the combustion gases 
is converted into kinetic energy by the exhaust 
nozzle.
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figure 3-15. Structure and Combusflon Processes of High Supersonic Ramjet

The convergent-divergent nozzle shown in the 
diagram allows the gases to exceed the local speed 
of sound. With proper design modifications, the 
ramjet engine can travel efficiently at supersonic 
speeds.

High-Supersonic Ram jet Structure and 
Basic Operation. Assume a ramjet is desired that 
will travel at much higher supersonic speeds, say 
Mach 2.0. At speeds in the neighborhood of Mach 
2.0, shock waves formed at the diffuser inlet would 
he oblique and not normal. Air velocity in front 
of an oblique shock wave is high supersonic. When 
supersonic frcc-siream air passes through an 
oblique shock wave, an increase in pressure and a 
decrease in velocity occur, but the velocity is still 
supersonic. For example, air with a free-stream 
velocity of 1500 mph may pass through an oblique 
shock wave and still have a velocity of 900 mph. 
Also, when supersonic air flows through divergent- 
type diffuser sections, the velocity of that air in
creases and the pressure decreases. The diffuser 
design for high-supersonic ramjets must be modi
fied so that in progressing from diffuser inlet to 
combustion-chamber entrance, the obliqueness of 
the shock waves successively decreases until a 
normal shock wave followed by subsonic flow is 
realized.

The energy transformation is achieved by using 
a diffuser design of the type shown in figure 3-15. 
The center body diffuser decreases the obliqueness 
of the shock waves, allowing supersonic air to 
flow inside the diffuser inlet.

As supersonic flow passes through the conver
gent section of the diffuser, the velocity is steadily

decreased and the pressure correspondingly in
creased. At some predetermined point in the dif
fuser, air velocity approaches the sonic value and 
a normal shock wave forms. When low-supersonic 
air flows through a normal shock wave an abrupt 
decrease in velocity and increase in pressure re
sults. Now, the subsonic air produced by the nor
mal shock wave flows through the divergent sec
tion of the diffuser where it undergoes an addi
tional velocity decrease and pressure increase. 
Here again the diffuser has achieved a pressure 
barrier at the entrance to the combustion cham
ber. The combustion process is the same as that 
described for the subsonic ramjet. The exhaust 
nozzle shown in the diagram is the convergent- 
divergent type designed to produce supersonic flow 
at the exhaust-nozzle exit.

A ramjet is designed to operate best at some 
given speed and altitude. The pressure recovery 
process in a diffuser designed for oblique shock 
waves is more efficient than in the case of diffusers

Figure 3-)6. Cenirifugal-Flow Turbojet
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Figure 3-17. Axial-Flow Turbojet

designed for subsonic flow or single normal shock 
Wives. The ramjet engine operates best at high 
supersonic speeds.

Turbojet Engines

A turbojet engine is an air-dependent thermal

jet-propulsion device. The turbojet derives its 
name from its design* which uses an exhaust-gas- 
driven turbine wheel to drive the compressor.

C l a s s i f i c a t i o n  o f  T u r b o j e t s . Turbojets are 
classified into two general groups, depending upon 
the type of compressor used. These types are the

i g n i t i o n  c o i l
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Figure 3-18. Accessories o f Turbojet Engine
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centrifugal-flow compressor, used when the direc
tion of flow is perpendicular to the longitudinal 
axis of the engine, and the axial-flow compressor, 
used when the direction of flow is parallel to the 
longitudinal axis of the engine. The names, based 
upon these processes, are centrifugal-flow turbo
jets and axial-flow turbojets. Figures 3-16 and
3-17 show each type of turbojet engine.'

Component Parts of Turbojets. The opera
tion of both types of turbojet engines is basically 
the same. Both consist of the following major 
sections: accessory section, compressor section, 
combustion section, and exhaust section.

Accessory section. The accessory section serves 
as a mounting pad for accessories, various engine 
components, and the front engine balancing sup
port The accessories are those units not essential 
to engine operation, such as the generator, hy
draulic pump, starter, and tachometer. The com
ponents are the units of the fuel system and oil 
system that directly affect engine operation. The 
accessory case serves as the engine oil reservoir 
and houses the accessory gear-train cage. The ac
cessories comprising the accessory section of a 
typical turbojet engine are shown in figure 3-18.

Compressor section. The primary functions of 
the compressor section in turbojets are to receive, 
compress, and distribute the large masses of air 
to the combustion chambers.

The centrifugal compressor illustrated in figure
3-19 consists mainly of a stator, ofteQ referred to

ROTOR

Figure 3-19. Centrifugal-Flow Compressor

R A O lA l VELOCITY

IMPELLER
BLADE

RESULTANT
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7AN C CN TA L
VELOCITY

diffuse;
VANE

Figure 3-20, Sect/ono/ Diagram of Certtrifugal-Flow
Compressor

as a diffuser vane assembly, and a rotor or impel
ler. The rotor consists of a series of blades which 
extend radially from the axis of rotation. The 
double-faced type is commonly used, allowing air 
to enter on both sides. As the rotor revolves, air 
is drawn in, whirled around by the blades, and 
ejected at a high velocity created by centrifugal 
force. The stator consists of diffuser vanes which 
compress, as well as direct, the air into the various 
firing chambers. As the air leaves the impeller 
wheel, it has a large resultant velocity which di
rects the air into the diffuser vanes. The energy, 
which the masses of air acquire in the rotor as 
velocity, is converted into pressure, by the process 
of diffusion into a larger space. The air increases 
in pressure and decreases in velocity as it moves 
from A to B in figure 3-20.

The axial compressor is similar to a propeller. 
The rotor again consists of a series of blades which 
are set at an angle and extend radially from the 
central axis. As the rotor of the axial compressor 
turns, the blades impart energy of motion, in both 
a tangential and axial direction, to the ram air 
entering through the front of the engine. A typical 
stator for an axial-flow compressor consists of a 
series of blades arranged in a circle around the 
inside wall of the compressor casing immediately 
behind the rotor, and extending inward toward the 
central axis of the engine. The stator does not 
rotate. The blades are set in an angular fashion, 
so as to turn the air thrown off the trailing edge 
of the first-stage rotor blades and redirect it into
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figure 3-27. Four-Stoga Axial FIow Compressor

the path of the second-stage rotor blades. One 
rotor and one stator constitute a single-stage com
pressor. A number of rotors and stators assem
bled alternately make up a multistage compressor. 
An example of a multistage compressor is illus
trated in figure 3-21. Air from the first row of 
compressor blades is accelerated and forced into 
a smaller space. The added velocity gives the air 
greater impact force. This impact forces air into 
a smaller space causing the air to become denser. 
This results in greater static pressure. The above 
cycle of events is continued through each stage. 
By increasing the number of stages, the final pres
sure can be raised to any desired value. For visual 
purposes, the stator is shown in figure 3-22 with 
blades extending from a central drum outward. 
The most frequently used construction is with the 
blades extending inward as previously described.

Tn both centrifugal- and axial-flow compressors, 
the pressure ratio of the gases is stated as exhaust

Fi'flu/* 3-22, Sfnfl/e-Sfcrg# Axial-Flow Compressor

Figure 3-23. Basie Construction of Turbo/af 
Combustion Chamber

pressure to intake pressure. As the speed of the 
compressor rotor is increased, the volume of the 
air passed by the compressor unit increases. At 
high-pressure ratios, the volume of air, passed for 
a given rotor speed, decreases. Above a given 
pressure ratio, the efficiency of operation for a 
given speed drops sharply. This drop is due to the 
development of pressure pulsations set up in the 
air as it passes through the compressor.

Combustion section. The combustion section in
cludes combustion chambers, spark plugs, a noz
zle, diaphragm, and a turbine wheel and shaft. 
The combustion chambers, or burners, in both 
types of turbojet engines have the same function 
and produce the same results. They do differ in 
size and number, depending upon the type of en
gine. One particular centrifugal-flow turbojet has 
14 chambers with a spark plug located in chamber 
No. 7 and another in chamber No. 14. A widely 
used axial-flow engine has eight chambers with 
two spark plugs located in chambers directly op
posite each other. In either case, each combustion 
chamber has the following parts: outer combustion 
chamber, inner liner, inner-liner dome, flame cross
over tube, and fuel-injector nozzle. Figure 3-23 
points out these components.

The outer combustion chamber serves to retain 
the air so that a high-pressure supply is available 
to the inner liner at all times. This air also serves 
as a cooler jacket The inner liner houses the area 
in which fuel and air are mixed and burned. Many 
round holes in the inner liner allow the air to 
enter and mix with the fuel and high-temperature 
combustion gases. The forward end of the inner 
liner is allowed to slide over the dome to accom-
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Figure 3-24. Propellant Flow and Combustion 
Process in Comfauriioo Cfrombw of Turbo/

modate expansion and contraction. The aft ends 
of the burners are convergent to increase the ve
locity of the gases just before they pass through 
the nozzle diaphragm. The flame crossover tube 
connects one chamber to the next, allowing igni
tion to occur in all chambers after the two cham
bers containing spark plugs have been fired. 
Figure 3-24 illustrates the injection paths of fuel 
and air into the combustion chamber as well as 
the burning area.

Exhaust section, The exhaust section, shown in 
figure 3-25, consists primarily of a no22le and an 
inner cone. This assembly straightens out the tur
bulent flow of the exhaust gases caused by rotation 
of the turbine wheel and conveys these gases to 
the nozzle outlet in a more perfect and concen
trated gas-flow pattern. The exhaust-nozzle dia
phragm is composed of a large number of curved 
blades standing perpendicular to the flow of com-

Figure 3*25, Exhaust Assembly of Turbojet

bustion gases and arranged in a circle in front of 
the turbine wheel. By acting both as a restrictor 
and director, this diaphragm increases the gas ve
locity. Its primary function is to change the direc
tion of the gases so that they strike the turbine- 
wheel vanes at, or near to, a 90° angle. This 
diaphragm does not rotate. The impact of the 
high-velocity gases against the buckets of the tur
bine wheel causes the wheel to rotate. The turbine- ' 
wheel shaft is coupled to the compressor-rotator- 
assembly shaft. Part of the energy of the exhaust 
gases is transformed and transmitted through the ' 
shaft to operate the compressor and engine-driven 
accessories. Note figure 3-26,

T July 1972!
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Figure 3-26, Exhaust-Nozzle Diaphragm and 
Turbine Assembly

Turbojet O peration. In general, turbojet op
eration may be summarized as follows: The rotor 
unit of the compressor is brought up to maximum 
allowable speed by the starter unit, which is geared 
to the compressor shaft for the starting phase. Air 
is drawn in from the outside, compressed, and 
directed to the combustion chambers. Fuel is in
jected through the fuel manifold under pressure 
and mixes with the air in the combustion cham
bers. Ignition occurs first in the chambers contain
ing the spark plugs and then in the other chambers 
an instant later by way of the flame crossover 
tubes. High-pressure combustion gases, plus the 
unbumed coolant air, pass through the exhaust- 
nozzle diaphragm and strike the turbine blades at
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^  most effective angle- The greater portion of the 
energy of the exhaust stream is absorbed by the 
(uibine, resulting in a high rotational speed. The 
remainder is thrust. The turbine wheel transmits 
energy through the coupled turbine and compres- 
ror-roior shafts to operate the compressor. Once 
iWfted, combustion is continuous.

A f t e r b u r n e r s . Afterburners were developed 
(6 satisfy special conditions in which large bursts 
ot extra thrust are needed for a short period of 
time* For instance, an afterburner is needed for 
Acceleration during takeoff runs and in climbs. 
This additional thrust may be obtained by burning 
fuel in the tailpipe section. That portion of air 
winch served only as a coolant for the main com
bustion chambers is sufficient to support combus
tion of the additional fuel. The added thrust is 
large, but the overall efficiency of the turbojet 
decreases because the specific fuel consumption is 
greatly increased. The basic construction of a 
typical afterburner is shown in figure 3-27. Note 
the use of the clam-type exhaust nozzle, the area 
of which is adjustable to compensate for the 
changing flow characteristics that occur when the 
afterburner is cut in. An afterburner boosts thrust 
nearly 30 percent for takeoff and from 70 percent 
to 120 percent when the missile is traveling ap
proximately 600 mph.

Turboprop Engine. The turboprop engine is a 
jet engine geared to a propellor. In operation, air 
enters through the air inlets or scoops and is 
ducted directly to the compressors where it is com
pressed, heated, and expanded to drive the turbine. 
The hot gases then pass out through the exhaust 
stack. The propeller and compressors arc driven 
by the turbine. The turbine drives the propeller
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through a gear train. The compressors are keyed 
to the turbine drive shaft.

T urbofan Engine. The turbofan engine has 
the same basic design as the axial flow turbojet. 
The difference is in the addition of a fan and the 
provision for a secondary flow of air. This addi
tion provides increase in thrust and decrease in 
fuel consumption for greater operating efficiency. 
The fan is located ahead of the first compressor 
stage. Air drawn through it is compressed slightly 
and is thereby heated. A portion of this air is 
ducted directly to the outside, bypassing the main 
compressor intake. The heated air expands as it 
passes through the duct and imparts thrust as it is 
exhausted into the airstream. The major portion 
of air entering the inlet and passing through the 
fan is conducted directly to the main compressor 
intake where it is further compressed and heated 
and passed on in the normal turbojet operating 
cycle.

While air-jet engines are limited in area of op
eration because of their dependency upon the 
surrounding atmosphere for oxygen, rockets are 
not restricted by such conditions.

ROCKETS

Any missile for which the power for operation 
depends only on the mass and energy stored within 
the vehicle itself is called a rocket. In rocket opera
tion, chemical reaction occurs at a very rapid rate. 
This results in higher temperatures, higher operat
ing pressures, and higher thrust development than 
in the case of the jet engines. Control over this 
action is desirable and is sometimes necessary to 
distribute the available energy over a longer period 
of time. Because of the high pressures which are

FLAME HOLDER B U R N IN G  FUEL-AIR M IXTURE

NOT EXH AU ST  G A S E S

TURBOJET EN G IN E
EXH AU ST  C O M B U ST IO N  

CHAM BER

C U M  TYPE NO ZZLE 
(ADJUSTABLE)

Figaro 3-27. Turbo (of Afimrburnot
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developed in rockets, the convergent-divergent 
(DeLaval) type nozzle is used so that more of the 
energy can be extracted from the gases after they 
have passed the throat section. The basic prin
ciples involved in the action of other jet-propulsion 
units also apply to rockets.

Classification of Rackets

The physical state of the propellant used deter
mines whether a rocket is of the solid or liquid 
type. Bv definition* a rocket is a thrust-producing 
system which derives its thrust from the ejection 
of hot gases generated from material carried in 
the system. When the thrust-producing system is 
self-contained, enclosed within a housing of some 
type, and is designed to be propelled through 
aerospace to a target, it is considered to be a 
missile.

The term rocket engine is applied to a rocket 
propulsive device that is relatively complicated in 
its workings, as distinguished from a simple rocket 
motor of the solid fuel type. The large liquid fuel 
rocket has elaborate pumping equipment, pressure 
chambers, and fuel lines, with electrical and 
hydraulic equipment to govern its operation. The 
term rocket engine is often applied to the large 
solid fuel rocket also, although the term “motor” 
is associated with the solid rocket that is charac
terized by a short burning time, simple design, 
heavy construction, and non-intermittent opera
tion. Such a system is primarily used as a booster 
unit (JATO) or as a  power plant for short-dura
tion, high-speed missiles. In this manual, the

liquid propellant rocket propulsion system is re- 
fered to as an engine while a solid propellant 
rocket propulsion system is referred to as a motor 
without regard to the size or complexity of the 
system involved.

Soup Rockets. A solid rocket motor con
sists of four major components; propellant grain, 
case, igniter, and exhaust nozzle. A typical solid 
rocket motor illustrating these components is 
shown in figure 3-28.

The solid propellant rocket motor is a compara
tively simple powerplant. The case serves two pur
poses. First, it acts as a storage container for the 
propellant, and secondly, it serves as a chamber in 
which burning takes place. The products of the 
combustion process or reaction gases are ex
hausted through one or more exhaust nozzles. 
Cases are usually cylindrical in shape with ellipti
cal or spherical ends. The case has to withstand 
starting pressure, surges, and often severe heating.

The temperature of the wall, which carries the 
pressure load, determines the physical property 
requirements of the stress-carrying members and, 
therefore* largely determines the design and weight 
of the case. As the wall becomes hotter its ability 
to carry loads diminishes. It is good design prac
tice to limit the heating of the walls because this 
will reduce the required wall thickness. Therefore, 
the internal case wall is normally thermally pro
tected by an insulating materia).

The case design must also provide for the at
tachment of a nozzle, one or more support points 
for mounting handling hooks, and provisions for 
loading the grain. The primary criterion for case

Figure 3-28. Construction o f Solid Rocket Motor
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material selection is normally the strength to 
weight ratio of the material. Currently, three of 
the more popular case materials are titanium, 
AlSI 4130 steel, and Ladish D6aC steel. In addi
tion, fiberglass filament-wound cases have been 
manufactured for rocket combustion chambers.

The igniters used for solid propellant rockets 
almost exclusively of the pyrotechnic type. 

Three main components comprise the igniter, 
namely, some form of electrically fired squib. 
main igniter charge, and the case. The squib con- 
lists of two lead wires which are insulated from 
each other and which are connected by a fine, 
high-resistance wire. The latter is surrounded by 
t  primer propellant which is sensitive to tempera- 

■ rure and will ignite readily and burn when heated. 
The main igniter charge is immediately adjacent 
to the primer. It produces a hot flame which ignites 
the main rocket motor propellant grain. Various 
materials have been used as the maiD igniter 
charge, from black powder to a mixture of metals 
with oxidizers such as potassium perchlorate.

The exhaust nozzles of solid propellant rockets, 
like the cases, are uncooled. For low-temperature 
propellants and short-burn durations, simple steel 
nozzles are adequate. For looger durations and 
high-temperature metallized propellants, a com
posite construction is normally used. Reinforced 
plastics and phenolica, which carbonize slowly or 
char, are commonly used in the inlet section as 
well as the diverging section of the nozzle. Inserts 
of special materials are put into the throat section. 
Common ihroat materials are tungsten, graphite, 
and various carbides.

The structural support shell is normally con
structed from steel. To prevent the entry of mois
ture and to aid ignition, a blow-out closure across 
the exit section of the nozzle is usually provided.

In addition to the four major components‘of 
a solid rocket motor, there are numerous secon
dary components which may or may not be used. 
Many applications of solid propellant rockets, such 
as upper stages of ballistic missiles, require that 
the thrust be precisely terminated at a specified 
flight velocity. Several thrust termination schemes 
exist, the most common using the opening of holes 
called blowout ports in the forward closure wall 
of the chamber.

Several different methods of controlling the 
thrust vector direction of solid propellant rockets
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have been used in the past. The most common 
methods include gimbaling or hinging of the 
nozzle, the use of mechanical flow spoilers, and 
secondary fluid injection into the exhaust gas 
stream.

It is also passible to control the thrust magni
tude of a solid propellant motor. The most com
mon technique of controlling the thrust magnitude 
is through the use of a pintle valve located in the 
Ihroat of the exhaust nozzle. Modulation of the 
valve changes the throat area and, therefore, af
fects the thrust level through chamber pressure 
variations.

Liquid Rockets. The major components of a 
liquid rocket system are: the propellants, propel
lant tanks, feed system, injector, thrust chamber, 
and exhaust nozzle. If the propellants arc non- 
hypergolic, an ignition system is also required. 
Liquid propellant rocket systems are generally 
categorized by the type of feed system, as pres
sure-fed or pump-fed.

Pressure-fed systems, In a pressure-fed system, 
illustrated in figure 3-29, the propellant tanks 
themselves are pressurized to a pressure which is 
a few hundred pounds per square inch higher than 
the desired thrust chamber operating pressure. 
This pressure may be provided by a non-reactive 
gas such as helium or nitrogen which is stored 
at a pressure of several thousand psi. The high- 
pressure gas passes through appropriate pressure 
regulators and check valves before being admitted 
to the propellant tank. Frequently the propellant 
is isolated from the pressurization system by burst 
disks, thin metal diaphragms in the pressurization 
lines which rupture under a high differential pres
sure when the system is activated. The burst disks 
prevent corrosion or contamination of the pres
surization system by the propellant vapors which 
in many cases are highly corrosive. Burst disks or 
diaphragms, as they are sometimes called, are 
frequently employed on the propellant discharge 
lines as well. In this case they are sometimes 
mechanically ruptured by the actuation of the 
propellant valves. Burst disks are usually scored 
with grooves radiating from the center in such 
a manner as to cause them to fold against the 
pressurization or propellant line without any 
pieces coming loose. Since the pressurizing gas 
tanks are quite heavy, larger pressurized systems 
generate high pressure gas as needed rather than
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storing it. Either solid or liquid propellant may be 
used to produce the gas. Since most solid propel
lants producea fuel-rich gas; extreme care must be 
exercised when they are used directly to pressurize 
.m oxidizer tank. If the fuel-rich gas reacts im
mediately with the oxidizer vapor without causing 
excessive temperature rise, the system can be used. 
The liquid propellant Bullpup and liquid Sparrow 
missiles use this system. A more conservative 
approach employs a thin flexible metal diaphragm 
to separate the propellant and pressurizing gas. 
Liquid propellant gas generators are usually ad
justed to operate fuel-rich for pressurizing the 
fuel tank and oxidizer-rich for the oxidizer tank. 
One of the more interesting methods of pressuriz
ing hypergolic propellant combinations is Main 
Tank Injection or MTI as it is called. In this 
case, a carefully controlled quantity of fuel is 
injected into the oxidizer tank and likewise oxi
dizer injected into the fuel tank. The pressurizing 
gas is thereby generated within the propellant 
tank itself. Since the propellant tanks of a pressure- 
fed system must withstand pressures significantly 
hither than the thrust chamber, those tanks tend 
to become quite heavy, particularly in the larger 
missiles such as ICBMs. To permit the use of 
light-weight propellant tanks, pump-fed engines 
are used.

Pump-fed systems. Figure 3-30 is an illustration 
of a pump-fed system. Since tank weight no longer 
limits the chamber pressure, pump-fed rocket 
engines tend to operate at higher chamber pres
sures than pressure-fed systems. Pressures of 1000 
pst and above are normal Experimental systems 
exceeding 5000 psi have been successfully oper
ated. Pumps are usually of the centrifugal variety 
and. except for the very high pressures, are nor
mally single stage. The high pressure is obtained 
by operating them at very high speeds. A speed of 
9000 RPM is representative of an ICBM propel
lant pump. The power required to drive rocket 
engine propellant pumps is impressive. The pump 
drive turbine of the Titan II missile develops over 
5000 horsepower. The turbine of the F -l engine 
I used in the Saturn V first stage) develops over 
t?3700 HP. Liquid hydrogen presents a special 
problem and multistage pumps, both centrifugal 
and axial types, are in use. In all cases the pro
pellant pumps are driven by a gas turbine. The gas 
to drive the turbine is usually provided by a gas

O XID IZER  PUMP

PR E -C O M B U ST IO N  
( G A 5  G EN ER A T O R )

M A IN  
CHAM BER

EXHAUST
NO ZZLE

Figure 3-31. Staged Combirifiorr Cycle

generator which operates with the same propel
lants as the thrust chamber, such as in the Titan 
and Saturn engines, or from a monopropellant gas 
generator, such as in the German V-2, the Red
stone, and X-I5 rocket engines. Once started, 
these gas generators operate from propellant fur
nished by the engine’s own propellant pumps. This 
method of operation is known as “boot strap
ping.” It is possible to tap off gas from the thrust 
chamber to drive the pump turbine. This is known 
as a bleed turbine cycle. In the past, some small 
pump-fed engines used what is termed a blast 
turbine. In this case, the turbine was so positioned 
that part of the turbine wheel extended into the
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exhaust nozzle exit and was driven directly from 
the exhaust jet. For a system using the main engine 
propellants to drive the pump turbine, the per
centage of the over-all propellant now becomes 
excessively large as the chamber pressure exceeds 
3000 psi. This is particularly true in the case of 
an engine using liquid hydrogen since the pump 
power required is a function of the volume of pro
pellant flowing rather than weight flow. The den
sity of liquid hydrogen is approximately 1/10 
that of most other fuels; therefore, the pump 
power required for the same flow and pressure is 
approximately 10 times that required for most 
propellants. In this case, more propellant is re
quired for the gas generator to drive the pump 
than is furnished to the thrust chamber. Under 
these conditions, a staged combustion or topping 
cycle is used. All of the hydrogen from the pump 
flows through the gas generator where it is par
tially burned by adding a small amount of oxygen. 
The exhaust product from the gas generator passes 
through the pump turbine, then to the main thrust 
chamber where it is burned with additional oxy
gen. This system, shown in figure 3-31, is very 
efficient since all of the propellant is discharged 
through the main exhaust nozzle at a high Isp, 
whereas other pump-fed systems dump the turbine 
drive gas overboard where it delivers thrust less 
efficiently, i.e., lower Isp.

Injectors. Of all the components of a liquid 
propellant rocket engine, the injector has by far 
the greatest effect on the engine performance and 
durability. The injector serves as the forward end 
of the thrust chamber and may range in shape 
from flat to nearly hemispherical. The function of 
the injector is to admit the propellants to the 
thrust chamber in such a manner that they will 
burn stably and efficiently. The combustion pro
cess is accompanied by considerable turbulence 
and recirculation. The injector design, shown in 
figure 3-32, must control the atomization and 
mixing of the propellants in such a way that they 
do not overheat any part of the chamber or in
jector. The number of injector orifices range from 
two or three in small attitude control chambers to 
thousands in the larger thrust chambers. Injector 
orifices may be impinging, where the fuel and oxi
dizer streams intersect; self-impingjng, where two 
or more streams of the same propellant intersect; 
or the non-impinging or showerhead type. Occa

sionally swirl cups are used to produce a hollow 
conical spray combined with slots to produce thin 
sheets of spray. The propellant is sometimes 
impinged on solid surfaces, called splash plates, 
to enhance droplet breakup.

Cooling. Because of the severe heating of the 
thrust chamber wall in the vicinity of the injector, 
the outer row of injector orifices frequently spray 
fuel directly on the chamber wall to help cool it 
by a process known as film cooling. Film cooling 
can be accomplished anywhere along the length 
of the thrust chamber and nozzle as may be re
quired. The V-2, for example, made extensive use 
of film cooling. Film cooling is not desirable from 
the performance standpoint since much of the 
fuel used for film cooling does not enter into 
the combustion process and therefore decreases 
the engine Isp. The most efficient cooling method 
from the performance standpoint is regenerative 
cooling. In this method, one of the propellants is 
passed through a cooling jacket around the nozzle 
and chamber before entering the injector. All of the 
heat absorbed by the propellant enters the chamber 
adding to the heat of combustion. One disadvan
tage of the regenerative cooling is that the propel
lant pump must provide additional pressure to 
account for the increased pressure drop in the 
cooling jacket. This can amount to several hundred 
psi. An advanced form of film cooling that Is 
sometimes employed in critical areas of high per
formance engines where other cooling concepts 
are inadequate is known as transpiration or sweat 
cooling. In transpiration cooling, the coolant, 
normally one of the propellants, is injected through 
a porous wall. The coolant may be either a liquid 
or a gas. Unlike film cooling, which cools only the 
surface, transpiration cooling takes place within 
the wall itself after which the coolant acts in the 
same manner as normal film cooling. Short dura
tion rockets have been built with uncooled steel 
chambers and nozzles. Refractory metal, ceramic, 
or graphite linings have been used, as well as ab
lative materials for longer duration systems; how
ever, ail of the uncooled concepts have a definite 
firing duration limit. Radiation cooling has been 
employed in applications where the heating rate is 
not severe.

Ignition. The ignition of a rocket engine is ex
tremely critical. Because of the large flow rates, 
any delay in the ignition sequence would permit
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Ihc accumulation of a mixture of unburned oxi- 
dixer and fuel, the subsequent ignition of which 
could rupture the thrust chamber. Hypergolic pro
pellant combinations such as UDMH and nitrogen 
letroxide ignite spontaneously on contact, making 
the ignition sequence relatively simple. Non- 
hypergolic combinations such as LOX-RP are fre
quently ignited by a pyrotechnic device which is 
ejected from the chamber upon ignition of the 
rocket propellants. Such devices were used in the 
Atlas, Titan I, and F-l engines. When you want 
to reignite an engine with non-hypergolic pro
pellants several times during flight, a pyrotechnic 
device is not practical and an electric spark plug 
is usually employed. With engines employing liquid 
hydrogen as the fuel, the hydrogen vaporizes read
ily and is sufficiently easy to ignite so that the 
spark plug alone is adequate. For other non- 
hypergolic propellant combinations, a separate 
igniter chamber is used to provide adequate Igni
tion energy. The LR-99 engine in the X-15 air
craft used three spark plugs (for redundancy) to 
ignite gaseous oxygen and gaseous ammonia in 
the first stage igniter, which in turn ignited liquid 
propellants in the second stage igniter. The second 
stage igniter, which was a small rocket engine in 
|ts own right, ignited the main chamber. Another 
ignition system known as a slug start bas been 
used with non-hypergolic propellants. A small 
quantity (slug) of a third propellant that is hyper
golic with one of the main propellants is placed in 
the propellant line of the other, propellant. When 
the propellant valves are opened, the two hyper
golic propellants mix in the thrust chamber and 
ignite. By the time the slug is exhausted, normal 
combustion has been established.

Monopropeilant systems. Monopropellant rock
ets are generally restricted to the smaller thrust 
ti2es due to their poorer performance in terms of 
lap. Their primary advantage is their simplicity. 
Most satellite attitude control systems employ a 
number of attitude control thrusters operating 
from a single propellant tank and feed system. The 
most common monopropeilants are hydrogen 
peroxide and hydrazine. Hydrogen peroxide is 
usually decomposed by passing it over a catalyst 
pack composed of a stack of silver-plated screen 
wire*. In the case of hydrazine; the catalyst con
sists of alumina particles with a thin coating of 
iridium. In either case, the catalyst pack Is con

structed integral with the thrust chamber. Thrust 
levels for these systems range from ounces to sev
eral hundred pounds,

A ir-Augmented Rockets and Rocket R am
jets . The term Air-Augmented Rocket has been 
applied to a variety of powerplants in which the 
working fluid consists of a mixture of rocket ex
haust products and air. The simplest form is the 
shrouded rocket in which a circular duct or shroud 
is installed around the exit of the rocket nozzle 
so that air is entrained and accelerated by the 
rocket exhaust jet. The final exhaust velocity is 
lower than that of the rocket alone, but the mass 
flow rate is substantially higher. The net result is 
an increase in thrust over most of operational 
speed range of the system. Although there may 
be some afterburning or combustion of the rocket 
exhaust products and air in the shroud, this sys
tem depends primarily on the momentum ex
changed between the rocket exhaust and the air.

The other main type of air-augmented rocket is 
the ducted rocket in which the rocket exhaust is 
introduced between the diffuser and combustion, 
chamber of a ramjet engine. The rocket may be 
operated fuel-rich or additional ramjet fuel may 
be added. The velocity of the rocket exhaust en
trains the air and with a properly designed duct 
results in a significantly higher combustion cham
ber pressure than would be possible with the ram
jet diffuser alone. Some ducted rocket configura
tions have been designed so that the rocket pro
vides thrust for the missile to accelerate to the 
ramjet operating speed, after which the rocket 
may be. shut off and the vehicle operated as a 
ramjet. This has also been referred to as a rocket- 
ramjet. In some designs, a solid rocket burning a 
very fuel-rich propellant merely furnishes vapor
ized fuel for the ramjet. This is also frequently 
referred to as a ducted rocket but is more correct
ly termed a solid fuel ramjet. Although experi
mental models of these combined cycle engines 
have been designed and tested over the last twenty- 
five years, none are in current use for missile pro
pulsion.

ADVANCED PROPULSION SYSTEMS

Although at the present time missile propulsion 
by other than systems such as those previously 
described is considered unlikely, it may be of
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interest to examine some advanced non-chemical 
propulsion schemes.

Nuclear Propulsion

A nuclear reactor can be used as a heat source 
for both air-breathing and rocket engines. In the 
case of a nuclear turbojet or ramjet where the 
working fluid is airt the range attainable is for all 
practical purposes unlimited. In the case of a 
nuclear rocket, the working fluid must be carried 
on board and, therefore, limits the total impulse 
available. The working fluid selected for a nuclear 
rocket is usually hydrogen; because of its low. 
molecular weight, it yields a very high Isp. Re
actors suitable for both air-breathing and rocket 
powerplants have been built and tested on the 
ground; however, none have been flight-tested. 
Several problems have prevented the general ac
ceptance of nuclear propulsion for aircraft or mis
siles. The primary problem is the intense gamma 
radiation from the reactor. Extremely heavy 
shielding is required to protect the surrounding 
structure and crew members. Even though the 
attainable specific impulse of a nuclear rocket is 
roughly twice that of the best chemical propel
lants, the weight of the reactor and shielding is 
such that the vehicle performance for an ICBM 
mission or low earth orbits is inferior to a good 
chemical system. Advanced nuclear rocket re
actors have been proposed in which the reactor 
temperature is so high that the nuclear fuel is 
liquified or in some cases vaporized. Theoretically, 
a reactor can be constructed that will produce 
temperatures higher than that of the surface of 
the sun. None of these systems have yet been 
demonstrated as they involve some formidable en
gineering problems.

Electrical Propulsion

Electrical propulsion has been a dream for 
some time, and various approaches to the prob
lems have been made. Three concepts for electri
cal propulsion systems have evolved. These pro
pulsion systems have been publicized as the elec
trostatic or ion engine, electrothermal or arc-jet 
engine, and the electromagnet or plasma engine.

The acceleration of charged particles is the 
thrust-producing media used by the electrostatic 
or ion engine. The propellant, an element such as

cesium, is vaporized and impinged on a heated 
tungsten emitter. Positive ions are generated as a 
result and are then accelerated through electro
static fields and ejected to provide thrust.

The electrothermal or arc-jet engine provides 
thrust by heating a gaseous propellant with an 
electric arc. The superheated propellant is then 
expanded through a conventional nozzle to pro
duce thrust.

The operating principle of the electromagnetic 
or plasma engine is similar to that of a synchronous 
motor with its rotating magnetic field. In this 
engine, a gaseous mixture— the plasma, which has 
been ionized into an approximately equal division 
of electrons and positively charged ions— responds 
to magnetic and electrical fields. The gas is accel
erated by the effect of the energized electrical and 
magnetic fields which are mutually perpendicular.

The sun is also regarded as a source of power. 
Research is being conducted for a system that will 
use solar heating of a working fluid as a means 
of propulsion.

MISSILE LAUNCHING METHODS

Missiles could not be used effectively without 
proper launching equipment and facilities. Each 
type of missile has its own launching system. Mis
siles are launched from the air, ground, under
ground, and underwater. Most missiles also require 
a booster assembly for takeoff.

Booster Assemblies

The powerplants of certain interceptor and tac
tical missiles do not develop enough static thrust 
for independent takeoff. Missiles in this category 
must be given an initial acceleration to insure 
proper engine operation, development of lift, and 
aerodynamic stability at launch. To satisfy these 
requirements, a booster unit is used to supplement 
the missile propulsion system.

A booster assembly Is an auxiliary propulsion 
system which imparts thrust to a missile during 
the initial phase of flight. It generally consists of 
a solid rocket motor and an attaching device. A 
solid rocket is best suited for this purpose because 
of its simple construction and operation and its 
ability to develop a high thrust in a short time. 
In some instances, a booster assembly includes an
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aerodynamic stabilizing surface. Usually a booster 
is attached directly to the missile.

A booster of this type is used with missiles such 
as the CGM-I3B Mace. When a missile employing 
such a booster has been made ready for launch, 
the engine of the missile is started and accelerated 
to full throttle and the booster rocket tired. The 
combined thrust of the booster rocket and engine 
propels the missile to the airspeed and altitude 
required to sustain flight. The booster rocket is 
ejected from the missile after burnout.

There are cases in which, the auxiliary thrust- 
producing system is incorporated in the launching 
structure. Such a system was once referred to as 
a catapult, but the use of this term has been dis
continued by the Air Force.

launcher Type#
Some means must be employed to support a 

missile in the desired attitude prior to launch. Such 
s device is known as a launcher. Basically, it is a 
mechanical structure which supports and ‘'con
strains” the'missile so that it moves in the desired 
direction during the initial phase of flight. Mobil
ity, trainability, and high rate of lire are desirable 
characteristics of some missile launchers. The de
gree of importance of these and other characteris
tics depends upon the type of missile and the 
tactical use for which the launcher was designed.

Zero-L ength Launcher. A zero-length 
launcher exhibits no appreciable constraining ac
tion on a missile. A fraction of a second after initial 
motion begins, physical contact between the mis
sile and launcher is broken. In order that the mis
sile may attain (lying speed as soon as possible a 
powerful booster assembly must be attached to the 
missile.

Zero-length launchers designed for missiles such 
as the Mace are constructed in the form of a paral
lelogram having support members that collapse 
when the missile moves forward. A zero-length 
launcher by definition orients the missile initially 
but has no significant effect once the missile has 
started to move. The length of such an airborne 
or mobile missile launcher is too short to impart 
guidance but long enough to hold the missile in a 
launch position. Figure 3-33 illustrates the zero- 
length launcher used by the MGM-29A Sergeant 
missile.

Silo Launching. A ballistic missile installation

Figura 3-33. Zaro-Langlh Launcher

becomes a hard site when an inclosure such as a 
silo is constructed beneath the surface of the earth 
to contain the missile and related aerospace 
ground equipment (AGE). Hard site is the term 
used to describe an operational missile site so con
structed that it is capable of withstanding the tre
mendous overpressure resulting from a near-miss 
nuclear detonation, thereby protecting the ready 
missiles from damage or destruction.

The silo itself derives its name from a configura
tion which resembles a typical farm silo. A crib, 
built and suspended within the silo, provides 
mounting and securing facilities for the launcher 
platform and accessory equipment. The manner of 
mounting the launcher platform and accessory 
equipment (AGE) depends upon the type of mis
sile to be handled. The Titan II (LGM-25C) is 
launched directly from within the silo.
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Figure 3-37. Monorail Launcher

angle of approximately 90° and rotated through 
360°. It is an ideal surface-to-air launcher be
cause of its trainability and rapid rate-af-fire capa
bilities. Its short rail length limits use to missiles 
with powerful rocket-propulsion systems. Contact 
between missile and rail is maintained by use of a 
slotted attaching device.

The launch site structure arrangement for the 
Titan II is shown in figure 3-34. This silo is 155 
feet deep. The missile rests on a heavy steel ring 
supported by heavy steel springs.

The launch facility for the Minuteman (LGM- 
30) is shown in figure 3-35. The arrangement of 
structures in figure 3-36 of the LGM-30 complex 
gives complete on-site control of this complete 
system.

Monorail Launcher. The monorail launcher 
illustrated in figure 3-37 can be elevated to an

A variation of this launcher consists of replacing 
the single rail with a slotted trough. The bottom 
surface of the missile is then equipped with run
ners to decrease friction and to constrain the 
missile.

Tower Launcher. This type of launcher has a 
derrick-type construction which holds the missile 
in a vertical, or near vertical, position during the 
launching phase. Some tower launchers are train- 
able through a few degrees of tilt to compensate 
for wind or other factors which may affect the 
desired trajectory. They must have enough height 
to allow the missile to attain adequate speed for 
aerodynamic stability before breaking contact with 
the tower. The major use of tower launchers is for 
high-altitude research rockets which fly a ballistic- 
type trajectory.

M u l t i s t a g e  L a u n c h i n g . Multistage launching, 
as shown in figure 3-38, consists of two or more 
missiles, or missile sections, each containing a sep
arate propulsion system. These sections are called 
“stages.” As an example, in a 3-stage system, the 
first stage develops takeoff thrust and propels the 
entire missile system until its propellant is ex
hausted. At this point the first stage falls away and 
the second-stage powerplant ignites automatically, 
increasing the velocity already attained to a higher 
value. The second stage is then disconnected, and 
the third stage further increases the velocity im
parted to it by the two previous stages. In this way, 
much higher velocities and greater altitudes are 
reached than would be possible with a single-stage 
missile using one propulsion system. One of the 
first examples of this system was the Wac Corporal 
which was successfully launched from the nose of 
a V-2 (2-stage “Project Bumper"), enabling the 
Corporal to reach an altitude of 250 miles.

Multistage launching is very efficient in the 
launching of satellites and placing manned vehicles 
In outer space.
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C H A P T E R  4

Physics Involved In Guided Missile Design

You will find the configuration of missiles and 
the design of all components used in their fabri
cation, as well as the systems used for their guid
ance and control, are all governed by basic laws 
and principles of physics.

The function of each electronic or mechanical 
component of a missile involves some physical 
principle and/or property which has been found 
applicable to the specific requirement. Many of 
the components are simple in form and perform a 
single fundamental operation; other components 
may operate simultaneously or in conjunction with 
other simple components to perform highly com
plex operations, as in the case of the components 
and systems used for missile guidance, control, 
and instrumentation.

In this chapter you will become familiar with 
those areas of physics as they appjy to missile de
sign. You will learn how the function of electronic 
or mechanical components involves physical prin
ciples and/or properties. The chapter also explains 
how optical and electronic principles work to
gether. It presents the physics of transistors, and 
the final section of the chapter covers in detail the 
modulation of carrier waves. A knowledge of the 
material covered in this chapter will help you to 
understand the functions of components and sys
tems employed in missile operation. The next 
chapter begins the explanation of such compo
nents and systems.

A REVIEW OF NEWTON'S LAWS OF MOTION

Newton's laws of motion are Specific examples 
of basic laws of physics which are involved in 
guided missile operations. Even though you are

already familiar with these laws, they are important 
enough to the study of missiles to be repeated 
here.

Newton’s first law of motion states, “A body 
at rest remains at rest and a body in motion con
tinues to move at constant speed along a straight 
line, unless the body is acted upon in either case
bv an external force."

0

Newton’s second law of motion states, "An ex
ternal force acting on a body causes the body to 
accelerate in the direction of the force, and the 
acceleration is directly proportional to the external 
force and inversely proportional to the mass of the 
body." The formula for this law reads:

=  _F . 
m

where a =  acceleration of the body 
F =  the external force acting 

upon the body, and 
m =  the mass of the body

Newton’s third law of motion states, "For every 
action there is an equal and opposite reaction, and 
the two are along the same straight line." In stat
ing this law, the term “action" refers to the force 
which one body exerts on a second body, and 
“reaction” refers to the force which the second 
body exerts on the first.

The principles stated in the foregoing para
graphs are involved in missile design and opera
tion, To control the flight of the missile, devices 
must be employed to act with or to react against 
the natural forces present along the flight path of 
the missile.

In some cases, it is possible to cause one un
desired force to react against another to cancel or 
nullify the effects of the undesired forces. Such
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operations may become complex, depending upon 
the number of interacting forces involved, fn eases 
involving a large number of interacting forces, 
complex systems, such as those employed in mis
sile navigation, are needed. Some forces that mis
sile navigation systems must deal with arc weight, 
inertia, aerodynamic forces, engine thurst, Corio
lis forces, and magnetism.

PHYSICAL PRINCIPLES AND PROPERTIES 
INVOLVED IN MISSILE OPERATION

To understand fully the functions of the basic 
components and systems employed in missile op
eration, you should have further information per
taining to the physical principles and properties 
involved. You need to be familiar with such terms 
as inertia, gravity, circular motion, centripetal and 
centrifugal forces, rotational motion, radius of 
gyration, and motion of precession.

These terms and others are explained in the 
following paragraphs. It is neither practical nor 
desirable to present complete analyses of the' 
meaning of the terms here. Instead, the relation
ships among the various physical principles and 
properties to which the terms refer are explained. 
You need to know these relationships so you may 
more readily recognize those which may be in
volved in the basic units and operational systems 
of missiles.

Inertia

Regardless of the specific purpose or design of 
a missile component and regardless of whether it 
be electronic or purely mechanical, the operation 
of the component depends upon one or more phys
ical properties. One physical property inherently 
common to matter is inertia.

Inertia is defined as a property of matter by 
which it will tend to remain at rest or if in motion 
will tend to follow the same straight line or direc
tion unless acted upon by some external force, as 
stated in Newton’s first law of motion. You may 
also think of inertia as the opposition offered by a 
body to any change of motion; that is, an external 
force is required to overcome inertia and to give 
it linear acceleration.

The property of inertia implies a broader con
cept of the definition of mass than mere quantity

of matter. You may think of mass as the properly 
of an object by virtue of which it possesses inertia.

A tendency, or measure of a tendency, to pro
duce motion about an axis is referred to as a 
moment, A moment of inertia of a body is equal 
to the mass of otic particle of the body multiplied 
by the square of its distance from the axis of rota
tion, plus the mass of another particle of the 
body multiplied by the square of its distance from 
the axis of rotation, plus—and so on, until all the 
particles of the body, have been included. In other 
words, the masses of the particles of which a body 
is composed and the squares of the individual 
radii that extend from these particles to the axis 
determine the moment of inertia of the body.

Moment of inertia is often expressed in terms 
of the aggregate mass of the body and a single 
fictitious radius called the radius of gyration. The 
radius of gyration of a body is defined as the dis
tance from the body’s axis of rotation to a point 
at which the entire mass of the body may be con
sidered concentrated without altering the moment 
of inertia,

Velocity

You already know that velocity is a representa
tion of speed and a specific direction of motion. 
The velocity of an object may be constant or vary
ing. If velocity is varying, the variation may be in 
magnitude, in direction, or both. When variation 
takes place in direction, the term angular velocity 
is applied to describe the motion. Angular velocity 
is the time rate of change of angular displacement 
(i.e., the rate of change of angular position).

The angular velocity of a rotating body may be 
represented by an axial line having a length which 
indicates the numerical value of the velocity.

The direction of the vector, as shown in figure
4-1, represents the direction in which an ordinary

A N G U LA R  V E lO C in

figure 4-T. Angular Velocity as Vector
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Adit-hand threaded screw would travel if turned 
;u the direction in which the body (wheel) ro-
tites.

When a rotating body is given an additional 
.ncular velocity about the same axis, the resulting 
velocity will be their algebraic sum. For example, 
assume that a mass is rotating at 10 radians per 
second in a clockwise direction. A reverse torque 
ii applied to it which, if the rotating mass was at 
resr, would impart to it an angular velocity of 2 
radians per second in a counterclockwise direction. 
The resultant velocity in this instance is 8 radians 
ocr second in the clockwise direction. A resultant 
velocity is obtained by vector addition if a velocity 
is added about a different axis than that of original 
rotation.

A radian is a unit of measurement of angles. 
In any circle, the size of the central angle in ra
dians is the ratio of the arc subtended by this angle 
to the radius of the circle. When the length of arc 
is equal to the radius, the angle subtended by the 
arc is one radian. A radian is equal to 57 degrees 
17 minutes 44.8 seconds. There are 2 tt radians in 
a circle.

Acceleration

Acceleration is the time rate of change of ve
locity. ft represents motion In which the velocity 
changes from point to point.

When the velocity of a mass moving in a straight 
line changes by equal amounts in equal intervals 
of time, the acceleration is said to be constant and 
the motion accelerated uniformly.

Moving objects rarely exhibit constant accelera
tion; however, a free-falling body in a vacuum 
near the surface of the earth is one example of 
uniformly accelerated motion. Experiment has 
shown that this constant acceleration resulting 
from gravity is 32 ft/scc*. It is represented in 
physics formulas by the letter, g.

1 July 1972

Figurm 4-2. Vector ftesu/fanf of 7wo Acco/eraffoni

When acceleration is not known to be constant, 
the average acceleration may be expressed by the 
equation:

a =  *  =  Where t -  t4
Vf =  final velocity 
V„ =  initial velocity

t — t„ =  time interval during which velocity 
changed from V„ to Vt

The units of acceleration depend upon the unit 
of velocity as well as upon the unit of time during 
which the velocity changes.

Based on the above equation, acceleration is 
equal to the difference of two vectors (velocities) 
divided by the scalar quantity (time) and is a 
vector quantity which may be determined as the 
resultant by the common parallelogram method of 
vector addition. For example, if a mass is sub
jected to accelerations, ax and ay, the resultant 
acceleration, ax, may be obtained as shown in fig
ure 4-2. The dotted lines are extended along a 
path opposite and parallel to a* and ay. The point 
at which the dotted lines intersect determines the 
resulting acceleration, or resultant.

Note that acceleration is not the time rate of 
change of speed. Acceleration is the time rate of 
change of velocity treated as a vector quantity. 
A mass moving with constant speed in a circle is 
accelerated despite the fact that the time rate of 
change of speed is zero. The velocity of the mass 
is changing continuously since the direction of mo
tion is changing. The time rate of change of ve
locity is not zero. Such acceleration is termed 
normal acceleration and is explained later in this 
chapter with reference to circular motion.

For any kind of motion, the distance (s) of an 
object from its starting point is obtained as the 
product of average velocity (Vt¥) and time ( t) .

S =  V..t
When the motion is uniformly accelerated (a is 

constant), the relationship between the average 
velocity (V „) and the initial velocity (V«) and 
final velocity (V<) may be expressed by the equa
tion

v  _  v .  +  v<_ 
v " “  2
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because in terms of initial and final values the 
average of any two quantities is equal to one-half 
thfcir sum. I3y substituting and transposing from
the equation

1 -  l ,

and the equation

V -  V« + V<

to the equation

S =  V „ t or ( v „  =  4 )

you can derive the equation

S =  V . t + 4 £

Here’s how the latter equation is derived: 
from

t - t p
in which t0 =  0. 
you get Vf =  V, - f  at.
If in equation

S =  V „  t
you substitute for V„r its value

V. +  Vr.
2

you obtain

C _  (Vf +  V<) t 
S “~ 2

Combining this equation with equation
V, =  Vc +  at 

will result in equation
c __ (V . +  VQ - f  at) t
S “ -----------2-----------

or
c _  (2V„ - f  at) t 

-------2

By further reduction you obtain

S =  v *‘ +  T
which is the original formula.

From this equation the average acceleration 
(a) required to displace an object a distance s in

t seconds, assuming, zero initial velocity, is found 
to be

S =  1  *

where
S =  distance in feet 
a =  acceleration in ft/scc/scc 
t =  time in seconds

If initial velocity (V„) is zero, the term
V„t =  o

and equation

reduces to

A practical example of the application of these ' 
formulas pertaining to accelerated motion may be 
illustrated by assuming that a rocket is launched 
from a position of rest, and it attains a velocity 
of 200 feet per second during the next second, 
and so on. It can be said that the rocket has 
an acceleration of 200 feet per second in each 
second. By the end of 3 seconds, the rocket will 
have a velocity of 600 feet per second, and so on, 
as long as it can maintain the same acceleration.

During this period of increasing velocity, every 
value of velocity from zero up to the maximum 
velocity attained by the rocket is passed through 
at some instant of time.

If you plotted a graph of the instantaneous 
values of velocity, you would find that they would 
describe a curve as shown in figure 4-3.

The line is straight from “CT to “Y,” showing 
that during the first 3 seconds the rocket gains 
velocity at a uniform rate. Acceleration is con
stant.

Beyond “ Y t h e  line slopes off indicating a 
reduction in acceleration until it becomes horizon
tal at “X,” indicating zero acceleration or constant 
velocity.

If the acceleration of a body is considered as 
the change of its velocity during any interval of 
time divided by the duration of that interval, the 
definition is based upon change of velocity and 
not upon distance traveled. The definition may be 
stated in the form of an equation by supposing the
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motion of the body to be observed for some spe
cific interval of time.

Taking V„ as the initial velocity of the body at 
the beginning of the period of observation and V, 
as its final velocity at the end of the period, the 
change in velocity is

V f - V .

And if this change occurs in an interval of time, t, 
the average acceleration of the body throughout 
that interval is

av = Vr — V, '
t

Referring to figure 4-3 showing the acceleration 
curve of a rocket, the velocity of the rocket under 
observation increases from 600 to 900 feet per 
second during the time interval from 3 seconds to 
6 seconds after launching. During this period the 
velocity does not increase uniformly as it does 
in the period from the instant of launching to 3 
seconds after launching; therefore, the acceleration 
varies from instant to instant beyond point “Y.” 
By using the formula

the average acceleration of the rocket may be com
puted over the Interval of time between the third 
to the sixth second as follows:

a — 900 ft/sec — 600 ft/sec 3Q0 ft/sec 
1T ~~ 6 sec — 3 sec ~  3 sec

=  300 ft/sec X y  sec 

-  100 ft/sec2

Similarly, by choosing any time interval during 
the first 3-second period after launch (period of 
uniform acceleration), a result of 200 ft/sec1 for 
the acceleration is obtained.

Referring again to the curve, if you solve for 
the average acceleration throughout the time in
terval between Vi second after launching (V0) 
and 2 seconds after launching (Vf), you will find

V# =  100 ft/sec, Vf -  400 ft/sec, t =  lVi sec
(2 - V i ) .
Using these values in the formula, the equation 
becomes

(400 ft/sec -  100 ft/sec) -r- ( l  Vi sec) 
or (300 ft/sec) (lV i sec) =  200 ft/sec2

Figure 4-3. Acceleration Curve of Rocket

As the time interval is made shorter and short
er, the average acceleration approaches nearer and 
nearer to the instantaneous acceleration.

In the limit, for an infinitesimal change of ve
locity, dv (dee v), occurring in an infinitesimal 
time interval, dt (dee t) , the instantaneous ac
celeration, a, may be expressed as:

Concisely defined, **Acceleration is the time rate 
of change of v e lo c ity an d  its value at any specif
ic instant is represented graphically by the slope 
of the velocity-time curve at the corresponding 
point. From figure 4-3 (the acceleration curve of 
a rocket) you can find the instantaneous accele
ration at any time after launching by drawing a 
tangent to the curve at the point where it crosses 
the specific time ordinate and determining the 
slope of the tangent. For example, if you wish to 
find the instantaneous velocity of the rocket com
puted on the acceleration curve at 4Vi seconds 
after launching, you can draw a tangent to the 
curve at point A, where the curve crosses the 4 Vi - 
second time ordinate.
Since AB =  800 ft/sec -  300 ft/sec or 500 ft/sec, 
the slope is 500 ft/sec +  4 Vi sec — 111 1/9 f t/ 
sec2.

This value is the instantaneous acceleration of 
the rocket at the specific time of 4Vi seconds 
after launching.

Centrifugal and Centripetal Forces, In
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accordance with Newton’s second law, a body in 
motion will not deviate from a straight line unless 
an external force is exerted upon it. When a loco
motive arrives at a curve in the track, its forward 
motion causes the flanges on its wheels to press 
outwardly against the edge of the outer rail; and 
conversely, the rail presses inwardly against the 
llanges. The locomotive changes direction as a 
result of this inwardly directed force and follows 
the curved track.

The lateral force required for motion along a 
curve also may be illustrated by a ball attached 
to a cord, as shown in figure 4-4. When the ball

Figvre 4-4. forcer Acting on Ball Whirled Around 
at End of Cord

is whirled around at the end of the cord, the cord 
becomes taut and exerts an inward pull, centripetal 
force, on the ball; at the same time the ball pulls 
outwardly, exerting a centrifugal force on the cord.

The ball, traveling along a circular path at 
constant speed, is pulling against the cord with 
a constant force directed outwardly along a radial 
line from the center of its path of rotation. Since 
for every action there is always an equal and 
opposite reaction, the cord exerts an equal inward 
force upon the moving body.

Any motion along a curve involves centrifugal 
and centripetal forces which are equal and oppo

site, and both forces are exerted in the plane in 
which the curve lies. Although equal, these forces 
cannot balance each other because they are not 
exerted upon the same object.

An unbalanced force always produces accelera
tion, The centripetal force acting upon a body in 
circular motion continually accelerates it toward 
the center of the circle. The body moves in a 
circle as a result of this inward motion combined 
with its forward motion.

Note again the fact that when a body follows a 
circular path at constant speed, its velocity is 
changing continually, not in magnitude but in 
direction.

Assume a body to be moving at □ constant 
speed, v, around a circle of radius, r, which is 
centered at 0. as shown in diagram A of figure
4-5. Assume also that in an interval of time, t, it 
moves a distance PQ — vt, as shown in diagram B 
of figure 4-5. Its velocities at P and O may be 
shown by vectors Vx and Vy tangent to the circle 
at points P and Q, respectively. The velocities in 
magnitude are equal to v,

These velocities differ in direction, indicating 
that some additional velocity must have been 
given to the body in moving from P to Q to change 
its velocity from Vx to Vy, To determine this addi
tional velocity, Vx and Vy can be drawn from a 
common point, K, as in diagram C of figure 4-5. 
Then Vx is subtracted from Vy. This subtraction 
is done by reversing the direction of Vx and add
ing in accordance with the parallelogram method 
of vector addition as explained previously. As 
indicated, the change in velocity is Vz.

As the velocity change from Vx to Vy occurs 
during time, t, the average acceleration through-

fig ur* 4-5. Determining Acceleration of Body Maying in a Circle
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To determine the instantaneous acceleration, 
first notice that the angles designated $ (theta) 
arc equal. Now, by assuming progressively shorter 
time intervals, the angles indicated by 9 would 
simultaneously become progressively smaller. 
When zero time as a limit is approached, the 
sector POQ in figure 4-5B more nearly resembles 
the isosceles triangle, the equal sides of which 
form the angle 6 of figure 4-5C. This resemblance 
increases until finally

\ J V r =  PQ/OP 
or

at/V , =  v t/r
Since Vy =  v numerically, you can derive the 

magnitude of the acceleration a by substituting v 
in the second term of the equation at/V y =  vt/r. 
You get

at/v  =  v t/r 
By cross-multiplying, you get

atr =  v2t
After canceling the t’s, you have

ar — v2
Now by transposing r, you get the simplified 
equation

a =  v2/ r
The above process shows that acceleration is a 

vector quantity. The direction of this vector 
quantity can be found by noting (hat the shorter 
the time interval taken, the more nearly V. be
comes perpendicular to V, and V7, until at the time 
limit (x =  $), it is perpendicular to both vectors 
V, and Vy. In this manner you show that the 
centripetal acceleration Is directed toward the 
center of the circle.

The equation

g

in which the acceleration, a, is caused by an un
balanced force, F, acting on a body of weight, W, 
and the acceleration, g, is due to gravity, may be 
used to show the force that must be exerted upon 
the body to produce the acceleration.

The centripetal force acting upon a body of W 
pounds when moving at speed, v, feet per second 
around a curve of radius, r, feet may be expressed

F s s  * *  
g r

Note from this expression that the centripetal 
force acting on a body which is moving in a cir
cular path varies directly as the square of the 
speed and inversely as the radius of the circle.

The force with which a body is attracted toward 
the earth is diminished as a result of the rotation 
of the earth. The effect of this rotation is most 
noticeable at the equator where velocity resulting 
from the earth’s rotation is greatest. The influence 
of gravity is about 0.0035 or 7 pounds per ton at 
the equator. Velocity is zero at the poles. An ob
ject which weighs 2000 lbs at the equator weighs 
about 2007 lbs at the poles.

Angular Acceleration. For purposes of il
lustrating the combined action of forces, consider 
how angular acceleration is produced by torque.

Torque (a moment of force) is a rotational ef
fect on a body and is measured by the product of 
the force present and the perpendicular distance 
from the axis of rotation to the line of action of 
the force. The perpendicular distance is referred 
to as the lever arm. Torque may be expressed by 
the equation T  =  FL, where L stands for lever 
arm.

Referring to figure 4-6, suppose that mass, m,

AfM 52-31

Torque

is attached to the end of a crank which in itself 
has no weight and is pivoted at 0. Suppose also 
that force, F, which acts upon the mass is a steady 
force so directed that it is always at right angles 
(tangential) to the crank. Under these conditions,

4-7
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as the mass moves, the crank pulls it toward the 
center and causes it to travel in a circular path. 
At the same time, the tangential force, F, causes 
it to move along the circle with increasing speed, 
giving it an acceleration along this path equal to 
F/m. Thus, a =  F/M.

The crank will have an increasing angular ve
locity, and if the crank is of length, r, its angular 
acceleration can be expressed as a  (alpha) =  a/r, 
where a  is the instantaneous angular acceleration.

The angular acceleration of a body is defined 
as its time rate of change of angular velocity, or 
in formula: a  ~  dw/dt, where dw is the infinitesi
mal change of angular velocity occurring in the 
infinitesimal time interval, dt.

The force, F, acting on the mass, m, produces 
a torque, T, about the axis, 0, which may be 
expressed by the equation, T =  Fr,

Precession

When two angular velocities about separate 
axes are added to a body, an angular motion about 
a third axis is produced. This new motion is called 
precession. This type of motion is illustrated in 
figure 4-7 in the form of a wheel mounted loosely 
between collars oh an axle, A. Assume that the

Figure 4-7. Precew/on of Revolving Wheel Aboirf 
One End of its Ax/e

wheel is rotating. The shaft does not rotate with 
the wheel, and one end of it is set horizontally 
upon a pivot on the vertical standard, C. The other 
end of the shaft is unsupported. If the wheel were 
not revolving, the free end of the shaft would 
drop, and the entire assembly would fall off the 
vertical support.

But with the wheel revolving, the tendency for 
the free end of the shaft to drop causes the wheel 
and the shaft to describe horizontal circles about 
the pivot. In other words, the wheel precesses in 
the horizontal plane.

You may now determine how precession de
velops. The angular velocity of the wheel rotating 
in the direction, a, about axis A is represented by 
vector A parallel to shaft A. The gravitational pull 
of the earth upon the wheel produces a torque 
which tends to pull the entire assembly about axis 
B in the direction indicated by arrow b.

•This torque produces an angular acceleration 
and gives the body an additional angular velocity 
about axis B which is represented by the vector B. 
If this velocity B is added to the rotational velocity 
A, both being in the same horizontal plane, the 
resultant will be R. Shaft A will shift its position 
to point in direction R, turning about the vertical 
axis C as indicated by arrow c. This motion of 
precession takes place about axis C which is per
pendicular to both axis A and axis B.

The precession continues, for as soon as the 
shaft reaches position R, the assembly is subject 
to another torque due to the tendency of the free 
end to drop. The corresponding change in angular 
velocity is at right angles to R and a new resultant 
is formed to which the shaft next progresses, and 
so on. This progression of the shaft is not in 
discrete steps, but it is actually a continuous pro
cession of infinitesimal angular shifts, producing 
a uniform velocity of precession.

It can be shown that the angular velocity of 
precession, ft (omega), of a wheel is equal to the 
torque, T, which tends to change the direction of 
the axis, divided by the product of the angular 
velocity, cu, of the wheel and its moment of in
ertia, I:

The above physical principles are embodied in 
the theory and operation of a gyroscope which



AFM 52-31

finds a multitude of applications in missile guid
ance and control systems.

A gyroscope exemplifies the physical principles 
and forces to a greater degree than any other 
single device. One form of gyroscope that you are 
familiar with is the earth. The earth resembles a 
huge gyroscope rotor spinning freely in space 
about an imaginary axis through its poles. Because 
of the rapidity of its rotation, the earth maintains 
its position in the universe and remains constantly 
in the same plane of rotation with its poles point
ing approximately in a constant direction in space.

Aside from variations in physical form and cer
tain variations resulting from bearing-friction aod 
structural unbalance, the gyroscope represents the 
same physical phenomena in action as the earth, 
and the same forces are involved.

The gyroscope basically consists of a wheel or 
disc so mounted as to be able to spin rapidly 
aboit an axis, which can be called the axis of 
symmetry, The wheel also is mounted so as to be 
free to rotate about one or both of two axes which 
are perpendicular to each other and to the axis of 
spin.

If, when the wheel is spinning, a torque or

1 July 1W2

twisting moment is applied about one of these two 
axes (axis of torque), the moment will produce 
precession about the other axis which then be
comes the axis of precession. Under certain con
ditions, depending upon tbeir orientation, these 
two axes may be referred to as the horizontal and 
vertical axes.

Another force which acts on a body to a small 
degree is Coriolis force, named for the French en
gineer G. G. Coriolis, who first brought it to 
attention.

Coriolis is a deflecting effect acting on a body 
in motion and occurring as a result of the different 
surface speeds, due to the earth’s rotation. The 
effect diverts north or south heading horizontal 
motions over the earth’s surface to the right in 
the Northern Hemisphere, and north or south 
headings to the left in the Southern Hemisphere. 
This effect is not present in stationary bodies.

Gyroscopes are classified into three basic types: 
balanced, unbalanced, and Foucault. These types 
are shown in figure 4-8.

A balanced gyroscope is one placed at one end 
of a horizontal rod and balanced on a pivot by 
means of a counterweight near the other end.

Figure 4-8. Basic Types of Gyroscopes
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An unbalanced gyroscope is one in which the 
rod and counterweight beyond the pivot are omit
ted.

The Foucault gyroscope is one in which the 
spinning wheel is supported by gimbals so that it 
can turn freely about any axis, and the parts are 
so balanced that gravity does not exert a torque 
upon the wheel.

The spinning gyroscope offers considerable re
sistance. depending on the angular momentum, 
to any torque which would change the direction 
of the axis of spin. This property, known as rigid- 
<7v, makes the gyroscope suitable for use as a 
stabilizer in such cases as resisting the roll of a 
ship or airplane, maintaining equilibrium of a 
moving body, and functioning as a steering device.

If the motion of a Foucault gyroscope about 
one of its axes is restrained and it is given a rota
tional motion about another axis, the axis of spin 
will place itself parallel to the latter axis. This prin
ciple is exemplified in the gyro-compass.

Gyroscopes in many forms and modifications 
arc used in the control and guidance systems of 
guided missiles. These are treated at greater length 
and detail in connection with chapters on those 
subjects.

This section can be summarized by considering 
a gyroscopic element as a system with the follow
ing properties:

1. Is nonpendulous, and has freedom to rotate 
about a point,

2. Includes a symmetrical body spinning at a 
constant high rate about its axis of symmetry 
(axis of spin).

3. Has all angular momentum of the system 
effectively concentrated about the spin axis.

4. Is effectively a viscous damper with one end 
fixed in inertial space.

Inertial space may be conceived as a region in 
which all accelerations are assumed to be zero 
and all gravitational forces (mass attractions) are 
in a state of equilibrium.

With acceleration assumed to be zero, the un- 
ncceleratcd space must also be nonrotating since 
rotation always involves acceleration.

Inertial space conforms to Newton’s laws of 
motion, as exemplified in applied force being equal 
to time rate of change of linear momentum. Linear 
momentum is a vector quantity representing mo
mentum of translation, and it is equal to the

product of the mass and the velocity of the center 
of the moss.

In our concept of inertial space, which is gen
erally associated with the “fixed" stars, the vector 
sum of all forces acting throughout the region is 
equal to zero.

Energy

A body possesses energy if it is capable of doing 
work. When work is performed by a body, its 
energy is reduced by an amount exactly equal to 
the work done. If a body is set in motion, it will 
exert a force and consume energy in coming to 
rest. Thus it has done work.

A moving body always possesses energy by vir
tue of its motion: such energy is called kinetic 
energy. A body at rest may possess potential 
energy by virtue of its position. A body possesses 
such energy when it is at a position from which 
it is capable of doing more work.

The law of conservation of matter states that 
matter can neither be created nor destroyed. Ac
cordingly, the total amount of matter in the uni
verse remains constant.

From the two laws of physics presented above, 
we can deduce that when work is performed, 
energy is released or set in motion. Energy is not 
created. In the same process, matter may be 
changed in form; it is not destroyed.

Another form of mechanical work occurs when 
one body moves over another. Work is done 
against friction which exists between the bodies. 
When mechanical work is done on a body, it can 
be entirely accounted for by one or more of the 
following effects:

1. Increase in the kinetic energy of the body.
2. Increase in its potential energy.
3. Production of heat due to friction.

Equilibrium
A body which continues in a state of rest is 

said to be in static equilibrium. The simplest con
dition of equilibrium is that in which a body is 
acted upon by only two forces. In such a case, one 
of these forces must be equal and opposite to the 
other, as indicated in figure 4-9.

The first condition of equilibrium requires that 
the vector sum of all the forces acting upon a body 
along any direction must equal zero.

4-10
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T — T EN S IO N  

W - W E IG H T  

0 = C E N T E R  O F GRAV ITY 
O F M A S S

T._:W

Figure 4-9. Simple Equilibrium

The second condition of equilibrium requires 
that the torques acting upon a body shall be 
balanced. The clockwise torques must be equal 
to the counter-clockwise torques. Notice in figure
4-10 that the algebraic sum of torques equals 0.

1 FT------ - f - -------------------- 2 FT

Figure 4-10. Fulcrum-and-lever Example of 
Balanced Torque

In the diagram mill =  1TI2U. Substituting, you 
have 10 X 1 =  5 X 2.

An important theorem, which follows, is based’ 
upon the second condition of equilibrium. “If 
three nonparallel forces acting upon a body pro-

1 *

Figure 4-11, Body Under Action of Three Forces

duce equilibrium, their lines of action must puss 
through a common point.”

This theorem can be demonstrated by taking 
moments of forces about the intersection of two 
of the lines of action and showing that the lever 
arm of the remaining force must be zero. Assume 
that a body is in a state of equilibrium under the 
action of three forces, as shown in figure 4-11.

Since their lines of action are not parallel, any 
two, if extended, will meet at some point. The 
lines of action of Fi and F-> meet at 0. From this 
point draw a line, 0A, perpendicular to the third 
force, F3, meeting its line of action at A.

Apply the second condition of equilibrium 
(algebraic sum of torques =  0) by taking the 
moments of all forces about 0, and setting their 
sum equal to zero. The moments of F t and F3 are 
both zero, since the lines of action of these forces 
pass through 0, and thus their lever arms are zero.

Since the body is assumed to be in equilibrium, 
you would normally expect the moment of the 
remaining force Fa about 0 to be zero. Since the 
force Fa is not zert>, its lever arm 0A must be zero 
instead of as shown. The line of action of F3 
must pass through 0. The lines of action of three 
forces in equilibrium pass through a common 
point. In this example, the assumption is incorrect 
because the body cannot be at rest under the given 
conditions.

You may deduce from the foregoing example 
that when a body is in a state of equilibrium under 
the action of three forces, the resultant of any 
two of these forces is equal and opposite to the 
third force.

The same principle employed in the preceding

Figure 4-72. Body In Equilibrium under Action of 
Three Parallel Forces

4-11
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example may be used in determining the resultant 
of, two parallel forces.

Suppose that the body shown in figure 4-12 is 
in equilibrium under the action of three parallel 
forces, Fi, and F.-j. From the first condition 
of equilibrium, F:» =  Fi -  Fa. The resultant of the 
forces F3 and Fa is equal and opposite to Fa. From 
the second condition of equilibrium F ^ b -F ia  
= 0, when the moments of force are taken about 
point 0. This equation shows an important relation 
between the forces and their lever arms: F2/ F 1 
= a/b.

The resultant of two parallel forces has the 
same direction as the forces and is equal to their 
sum, and the resultant’s line of action divides the 
distance between them into two parts which are 
inversely proportional to the respective forces.
’ The resultant of any number of parallel forces 
may be found by first determining the force which, 
included with the forces given, will produce 
equilibrium. This force is called the equilibrant 
of the given forces, and the resultant is equal and 
opposite to the equilibrant and acts along the 
same line.

The attraction which the earth exerts upon a 
body extends to every particle of matter of which 
the body is composed. The weight of a body may 
be considered as an aggregation of parallel forces 
acting upon the individual particles In the body. 
If these parallel forces are replaced with their 
resultant, this single force is exactly equivalent 
to them.

For any given object there is a particular point 
through which the resultant of the weight forces 
will always pass regardless of the orientation of 
the object. This point is called the center of

gravity (C.G.) of the body. The weight of an 
object, although actually a system of parallel 
forces acting upon all its component parts, can 
be correctly represented by a single force acting 
downward at the center of gravity.

There arc instances when we want to find the 
center of gravity of a missile. For example, the 
center of gravity of a missile has shifted due to 
adding weight to the craft.

In figure 4-13, if the weight of the missile, less 
the warhead, is 12,000 pounds and Us center of 
gravity is at point A, the addition of the 2,000- 
pound warhead with a center of gravity at point 
B will produce a resultant downward force of
14,000 pounds at a new center of gravity as in
dicated at point C. If the distance between points 
A and B is 7 feet, the new center of gravity will 
be I foot, a, forward of the original C.G. as shown 
at point A. The l-foot change of position of the 
C.G. is found in the following manner:

F :./F , =  a/b , F, x  a =  F„. X b
12.000 X a =  2,000 (7 -  a) a +  b =  7 feet
12.000 a =  14,000 -  2,000 a
14.000 a — 14,000 or a =  1

Harmonic Motion

The principles of harmonic motion are closely 
associated with those of circular motion. These 
principles pertain to both mechanical and electrical 
systems.

Simple harmonic motion is defined as a vi
bratory motion in which the acceleration of the 
vibrating body and the restoring force acting 
upon it are proportional to its displacement from

Fiffur* 4-13. Change of Center of Gravity Resulting from Added Weight to a Missile

4-12
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figure 4-14. Harmonic Morion Compared to Circular Motion

the midpoint of its path and are directed toward 
that point.

The relationship between simple harmonic 
motion and circular motion is exemplified in 
figure 4-14. If the pin on the rim of the rotating 
disc is viewed along the plane of the disc it ap
pears in the mirror to be vibrating to and fro 
along a path equal in length to the diameter of 
the disc. If the disc rotates at constant speed, the 
projection cast by the uniform circular motion 
in the plane of the disc is simple harmonic motion.

Similarly in the example of the engine, note 
that the circular motion of the wheel is applied 
to a piston which is so mounted that its motion 
is restricted to a single plane. In this case, when 
the wheel is rotated at constant speed, the drive- 
pin travels in a circle at a uniform rate, but the 
piston receives only horizontal projection of this 
motion. It slides to and fro in the cylinder 
through a distance equal to the diameter of the 
circle described by the pin. The to-and-fro move
ment of the piston is simple harmonic motion.

You must bear in mind that not all to-and-fro 
motion is harmonic motion. Many machines em
ploy parts which move back and forth repeatedly 
along the same path in equal time intervals but 
do not conform to the definition of harmonic 
motion. Such motion may be classed as periodic 
motion since it recurs in equal periods of time. 
But such motion is not harmonic since the rate 
of change of the motion is not linear. It does not 
necessarily follow that a body which travels in a 
circular motion describes harmonic motion.

Pendulums

used in missile control and guidance systems use 
the principle of the pendulum. Examples of such 
units are inertial switches, stabilized platforms, 
timing standards, and compensating devices.

A pendulum is defined □$ a body so suspended 
from a fixed point as to swing freely to and fro 
under the combined action of gravity and mo
mentum.

Usually, the theory of the pendulum is ex
plained in terms of a simple or mathematical 
pendulum, which is shown in figure 4-15. The 
simple pendulum is a purely theoretical device

T
T = T £ N S IO N  

W = W E lG H f

O  0 = C 6 N T E R  O F  GRAVITY 

O F  M A S S  

T = W

'w
or Ma/h#moricol Pendulum

consisting of a particle or material point suspend
ed by a thread without weight and oscillating 
without friction. By visualizing the pendulum as 
existing under these conditions, the time of vibra
tion can be determined by considering the pendu
lum to be displaced slightly and then by studying 
the forces acting upon it. An analysis will show 
that the unbalanced force is proportional to the 
displacement and opposite in direction. The vi
bration (oscillation) of the pendulum is harmonic, 
and the equations of harmonic motion can be 
used to determine the period of vibration, T.

figure 4-15. Simple

As you study further the makeup of a missile, 
you will come to realize that many basic units

T  =  Period

4-13
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Thu* time of vibration of a pendulum is deter
mined from the amplitude of vibration (or the 
acceleration due to gravity, g, at the point where 
llie pendulum is located) and its length. L (or 
the distance between the axis of suspension and 
the axis of oscillation).

By using a pendulum of known length and 
measuring its period of vibration, the value of 
gravity can be determined. The equation

t = W y
applies only to small values of displacement angle; 
the values need not be constant. As the vibration 
of the pendulum continues, the amplitude of 
oscillation continually decreases, but the period 
remains practically unchanged. This property of 
the pendulum makes it especially suitable for 
controlling the escapement mechanisms of time
keeping devices.

Another type of pendulum, the physical or 
compound pendulum, is a body which vibrates 
in the manner of a pendulum but in which the 
mass is distributed and not concentrated as in 
the simple pendulum.

The center of oscillation of a physical pendu
lum is that point at which the concentration of 
the whole mass of the pendulum would produce 
no change in its period of vibration. If the mass 
were so concentrated, the physical pendulum 
would be identical to a simple pendulum having 
the same period of vibration.

2n represents the period of the simple 

pendulum.

h represents the period of the 

physical pendulum.
Equating the two preceding expressions, the 

length of the equivalent simple pendulum is

L =  j-jr, where 1 =  moment of inertia;Mh
h =  distance between axis of 

suspension and the center 
of gravity.

The center of oscillation of a physical pen
dulum is separated from the axis of suspension 
by the distance, I/M h. This expression also shows

the length of the simple pendulum which has the 
same period of vibration as the physical pendu
lum. The center of oscillation may be interchang
ed with the center of suspension without alfccting 
the period. These characteristics ol the pendulum 
lend themselves to the measurement of vibration 
periods, centers of gravity, and other factors of 
missile configuration and their probable effects 
upon the flight characteristics of the missile.

The center of oscillation is also the center of 
percussion because at this point the pendulum can 
be struck with no resulting jar on the axis of 
suspension. This property is of value in the deter
mination of correct suspension of components for 
absorbing shock. When struck at any point other 
than the center of percussion, the pendulum not 
only tends to rotate but the axis of suspension 
force receives a motion of translation.

Still another type pendulum, a torsion pendu
lum. is illustrated by figure 4-16. It is a suspended 
body that vibrates, not by swinging but by rotating

Flguru 4-76. Torsion Pmndufam

with an alternate twisting and untwisting move
ment.

The characteristics of this type pendulum make 
it especially suitable for use in timing devices, 
balance wheels of batches, torque-measuring in
struments, torque-compensation devices, magne
tometers, strain-gnges, and others.

You can consider a torsion pendulum as a 
weight attached to a vertically suspended wire. 
When the wire is twisted and released, it describes 
a series of angular vibrations similar to the linear 
vibrations of harmonic motion.

When the suspension wire is twisted, an op
positely directed restoring torque which is pro- 

• portional to the angular displacement is set up 
within the wire. Just as in linear harmonic motion, 
a restoring force is set up which is proportional
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'O the linear displacement. The two types of 
potion are closely analogous, and angular har
monic motion'can be represented most simply by 
.‘omparing it directly to linear harmonic motion. 

Von can take the equation

— =  4rr-n2m 
x

*hich expresses linear harmonic motion, and re
place each linear quantity with its corresponding 
angular quantity and derive a corresponding ex
pression for angular harmonic motion:

X  -  4 ^ n aI

where T represents the restoring torque, <f> is the 
corresponding angular displacement, n is the fre
quency, and I is the moment of inertia of the 
vibrating body about the axis of rotation.

The ratio of the torque to the corresponding 
twist is a constant determined by the stiffness 
of the suspension wire and is essentially negative 
(opposite to the applied force). You can replace 
the ratio T/0 with r  (tau) and rearrange the 
expression. The new arrangement shows the fre
quency of angular vibration to be:

Consequently, the period is expressed by

T = W t
which is analogous to

T=W ?
This latter equation expresses the period of linear 
vibration.

The torsion principle can be used to determine 
the moment of inertia of a body by supporting the 
body as a torsion pendulum and measuring its 
period and the angle of twist produced by a 
measured torque.

By transposing equation

T = 2" ^

the moment of inertia I of the suspended body 
can be determined: _ts

In figure 4-16, the forces F acting at the dis
tance R from the center O produce a torque 
2RF.

MECHANICS OF GASES

Gas is one of the three basic forms in which 
matter exists, the other two forms being liquid 
and solid.

Gas can be defined as an aeriform fluid which 
has neither independent shape nor volume but 
tends to expand in an unlimited manner. This 
tendency to expand results from the fact that the 
molecules of a gas are relatively far apart and 
are continuously in motion throughout the entire 
space occupied by the gas.

In many respects, gases resemble liquids. Since 
both are capable of flowing, they are commonly 
referred to as fluids.

The two major differences between gases and 
liquids are in respect to compressibility and ex
pansion. Gases are highly compressible, while 
most liquids are but slightly so. Gases tend to 
completely fill any closed vessel in which they 
may be contained, while most liquids, like solids, 
fill a container only to the extent of their normal 
volume.

Both gases and liquids exert pressure upon the 
surfaces with which they are in contact, and 
each exerts an upward buoyant force that is in 
accordance with the principle of Archimedes, 
which states that “a body submerged wholly or 
partially in a fluid is buoyed up by a force equal 
to the weight of the fluid which it displaces.**

Rowing gases tend to conform to Bernoulli’s 
theorem on liquids when their compressibility is 
considered as a factor. The velocity of their effu
sion through an orifice may be calculated in the 
same manner as for liquids. Bernoulli’s theorem 
states that if no work is done on or by an in
compressible liquid as it flows, the total head 
remains unchanged. “Total head” refers to the 
total energy of a moving liquid at a given point. 
From this theorem, wc can deduce that when a 
compressible fluid flows, the total head varies in 
proportion to the degree of compressibility.

The mathematics of Bernoulli’s theorem are 
simple when applied to hypothetical fluids con
sidered as being incompressible or to water which

4-15
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is %buc very slightly compressible. But the mathe
matics become complex when applied to gases 
which are highly compressible in varying degrees 
and whose densities differ with differences in 
pressure.

This general effect applies to all fluids. In re
spect to gases, it is enough to keep in mind that 
as a flowing stream of gas increases in velocity, 
its pressure decreases, and vice versa. This effect 
is noticeable in the case of lift exerted upon a 
moving airfoil and governs the design of the air
foil for specific applications. Lift is discussed in 
chapter 2.

Gases, like liquids, adapt themselves to the 
shape of the vessel in which they may be con
tained and, having no elasticity of shape, are 
unable to exert shearing stresses other than those 
due to their viscosity.

A gas which can be liquefied by pressure alone 
is termed) a vapor. At room temperatures, steam 
and carbon dioxide are called vapors. Air, hydro
gen, and nitrogen are called gases.

Kinttfc Theory of Onset

The simple structure of gases makes them 
readily adaptable to mathematical analysis from 
which has evolved a detailed theory of the be
havior of gases. This is called the kinetic theory 
of gases. The theory assumes that a body of gas 
is composed of identical molecules which behave 
like minute elastic spheres, spaced relatively far 
apart and continuously in motion.

The degree of molecular motion depends upon 
the temperature of the gas. Since the molecules 
are continuously striking against each other and 
against the walls of the container, an increase in 
temperature with the resulting increase in mole
cular motion causes a corresponding increase in 
the number of collisions between the molecules. 
The increased number of collisions results in an 
increase in pressure because a greater number of 
molecules strike against the walls of the container 
in a given unit of time.

If the container were an open vessel, the gas 
would tend to expand and overflow from the con
tainer. If the container is sealed and possesses 
elasticity (such as a rubber balloon), the increased 
pressure will cause the container to expand.

You may have noticed when making a long 
drive on a hot day, the pressure in the tires of 
your automobile increases and that a tire which 
appeared to be somewhat “soft” in the cool 
morning temperature may appear normal at a 
higher midday temperature.

Such phenomena as these have been explained 
and set forth in the form of laws pertaining to 
gases, and they tend to support the kinetic theory.

At any given instant, some molecules of a gas 
are moving in one direction, some in another 
direction. Some are traveling fast, while some are 
traveling slowly. Some may even be in a state of 
rest. The combined effect of these varying ve
locities corresponds to the temperature of the 
gas. In any large amount of gas, there are so many 
molecules present that in accordance with the 
“laws of probability," some average velocity can 
be found which, if it were possessed by every 
molecule in the gas, would produce the same 
effect at a given temperature as the total of the 
many varying velocities.

To raise the temperature of a substance 
requires energy, so you can assume that the 
temperature of a gas is directly proportional to 
the mean kinetic energy of the gas molecules. 
You must realize that this mean velocity must be 
such that it imparts the same kinetic energy to a 
given number of molecules of specific mass ns 
would be imparted by their various individual 
velocities.

Atmospheric Pressure

A gas that is vital to missile flight is air. The 
mass of air surrounding the earth and held to 
it by gravitational attraction exerts a pressure, p, 
upon the earth’s surface:

p =  hdg
where: h =  the height of the air layer 

d =  the density of the air layer 
g =  the gravitational attraction of 

the earth

This atmospheric pressure can be measured by 
any of several methods. The common laboratory 
method employs the mercury column (barometer). 
A mercury column consists of a glass tube ap
proximately 34 inches in length, sealed at one 
end, then completely filled with mercury, and
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Figura 4-17. Mercury Column for Measuring 
Almotpheric Prevure

inverted in an open cup partially filled with mer
cury, as shown in figure 4-17.

The mercury in the tube settles down, leaving 
an evacuated space in the upper end of the tube. 
The height of the mercury column' serves as an 
indicator of atmospheric pressure.

At sea level and at a temperature of 0° C, 
the height of the mercury column is 76 cm or ap
proximately 30 inches, which represents a pres
sure of 14.7 pounds per square inch. The 30- 
inch column is used as a reference standard.

At higher levels, the atmospheric pressure on 
the surface of the mercury in the open cup is less 
than at sea level; hence the column of mercury in 
the tube settles lower. These variations in the 
height of the mercury column represent changes in 
atmospheric pressure which may be calibrated in 
terms of altitude with reference to sea level.

Another device used to measure atmospheric 
pressure is the aneroid barometer, pictured in fig
ure 4-18. This barometer consists of a small sealed 
metal drum that has been partially evacuated and 
which has one side or end made of thin corrugated 
metal. This thin metal moves in or out with the 
variation of pressure on its external surface. This 
movement is transmitted through a system of 
levers to a pointer. The pointer is pivoted so that 
it sweeps across a graduated scale calibrated either 
in pounds per square inch or in feet to designate 
an altitude corresponding to the indicated pres
sure. This device is used in aircraft altimeters and 
as an end instrument or transducer in telemeter

ing circuits to obtain information pertaining to 
pressures and altitude.

The atmospheric pressure does not vary uni
formly with altitude. It changes more rapidly at 
lower altitudes because of the compressibility of 
the air which causes the air strata close to the 
earth’s surface to be compressed by the air masses 
above them. This effect is partially counteracted 
by contraction of the upper strata due to cooling. 
The cooling tends to increase the density.

Altitude can be approximately estimated from 
a knowledge of the corresponding atmospheric 
pressure. When proper compensation is made for 
humidity, temperature, and any other variables, 
fairly accurate results can be obtained from the 
barometric altimeter.

Atmospheric pressures are quite large, but in 
most instances practically the same pressure is 
present on all sides of objects so that no single 
surface is subjected to a great load. To exemplify 
the tremendous atmospheric pressure which may 
exist on a surface, consider the pressure present 
on the face of an ordinary 5-inch cathode-ray tube 
as used in oscillographs. At sea level the pressure 
on the face of this tube is approximately 300 
pounds. Consider also an average 17-inch rec
tangular television tube. It has a pressure of 
almost 2400 pounds on its screen surface at sea 
level.

The force produced by atmospheric pressure is 
calculated by the use of the equation

Figure 4-18. Aneroid Boromefer
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F =  pA.
whdrc: F =  total pressure on a surface

p =  atmospheric pressure per square 
inch under specific conditions of 
altitude and density 

A =  the area of the surface in square 
inches

Compressibility of Gaia*

Compressibility is an outstanding characteristic 
of gases. The simple relationship between the pres
sure of a gas and its volume is stated in Boyle's 
law. which states that "the volume of a confined 
body of gas varies inversely as the absolute pres
sure, provided that the temperature remains con
stant/*

This law can be demonstrated by confining a 
quantity of gas in a cylinder which has a tightly 
fitted piston. A force is then applied to the piston 
so as to compress the gas in the cylinder to some 
specific volume. When the force applied to the 
piston is doubled, the gas is compressed to one- 
half its original volume, as indicated in figure 4-19,

Figure 4-19. Gas Compressed to Half its Original 
Volume by Double Force

If pA and VA represent the pressure and volume 
under one set of conditions, and pB and Vb repre
sent the pressure and volume under another set 
of conditions, then

Va«Vb =  pn:pA 
P a Va =  pn VD

A gas which conforms to Boyle’s law is termed 
an ideal gas. When pressure is increased upon 
such a gas, its volume decreases proportionally 
and its density is increased. The density of a gas 
varies directly as the pressure, if temperature 
remains constant as in the case of an ideal gas. 
Density also varies with temperature, since gases 
expand when heated and contract when cooled.

The specific gravity of a gas is computed with 
reference to air as a standard. The density of air 
has been determined accurately. One liter (1000 
cubic centimeters) of air at 0° centigrade and 76 
cni of mercury weighs 1.293 grams. The density 
of air is 0 .081 pounds per cubic foot under stan
dard conditions.

By dividing the density of a gas by the density 
of air, the relative specific gravity of the gas is 
found. Table 4-1 shows the density and specific 
gravity of some common gases.

Tab/a 4-1. Comparison of D en sity  a n d  Specific
G ra v ity

C A S

D EN S ITY

SPEC IF IC  

G R A V IT Y  •U "/

lil* f

lb/

CM ft

A ir  0 *  C  7 6  o n  H q 1.291 o .o s i 1.000

A ir 2 0 *  C 1.205 0.0755 0.932

S t 'o m  100= C 0.591 0.037 0.462

H y d ro g in 0.090 0.0056 0.069

H tilvm 0.179 0.011 0.136

N itro p fo 1.251 0.07 S 0.967

O x y g tn 1.429 0.069 1.105

C orbon  dloatd# 1.977 0.123 1.529

Dalton's law

If a mixture of two or more gases which do not 
combine chemically is placed in a container, each 
gos expands throughout the total space and the 
absolute pressure of each gas is reduced to a lower 
value called its partial pressure. This reduction 
is in accordance with Boyle’s law. The pressure of 
the mixed gases is equal to the sum of the partial 
pressures. This fact was discovered by Dalton, an 
English physicist, and is set forth in Dalton’s law 
which states that “a mixture of several gases which
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do not react chemically exerts a pressure equal to 
ihe sum of the pressures which the several gases* 
would exert separately if each were allowed to 
occupy the entire space alone at the given tempera
ture and in the same volume as each is present 
in the mixture.”

Avogadro'i Law

An Italian physicist, Avogadro, conceived the 
theory that ‘lat the same temperature and pressure, 
equal volumes of different gases contain equal 
numbers of molecules.“ This theory was proven by 
experiment and found to agree with the kinetic 
theory. It has come to be known as Avogadro’s 
law.

Viscosity

Another property common to both gases and 
liquids is viscosity, which is defined as resistance 
to flow. Viscosity is due to molecular friction and 
is less pronounced in gases than in liquids because 
of the greater space between molecules in the 
gases.

The viscosity of gases noticeably retards their 
flow through pipes or tubes and also retards the 
passage of other bodies through a stationary body 
of gas. Increasing the temperature of a gas in
creases its viscosity as a result of the increase in 
the movement of its molecules. .

Viscosity can be considered as the resultant of 
cohesion and adhesion. Cohesion is the molecular 
attraction which tends to unite .all particles of a 
body throughout its mass. Adhesion is the molec
ular attraction exerted between the surfaces of 
bodies which are in contact. Airfoils arc stream
lined to reduce the efleet of this air friction, there
by increasing the velocity of the aircraft of which 
they may be components.

All of the phenomena of gases mentioned in 
this section and the laws to which they conform 
must be considered in the design of aircraft from 
the viewpoints of both airframes and propellants. 
Specific applications of the mechanics of gases are 
treated in detail in other chapters of this manual 
in connection with subjects to which they are 
pertinent.

Physics Thus Far

Quickly review what has been covered in this

chapter so far. Keep in mind that inertia is a 
property of matter by which matter tends to re
main at .rest or, if in motion, tends to remain in 
motion in the same direction unless acted upon 
in either case by some external force.

Velocity is a representation of speed and a 
specific direction of motion. Angular velocity refers 
to a variation in direction of a moving object. 
Acceleration is the time rate of change of velocity. 
It represents motion in which the velocity changes 
from point to point.

Centrifugal and centripetal forces can be illus
trated by a ball attached to a cord. When the ball 
is whirled at the end of the cord, the cord becomes 
taut and exerts an inward pull or centripetal force 
on the ball. The ball pulls outwardly, exerting a 
centrifugal force on the cord.

Angular acceleration is produced by torque. 
Torque is a rotational effect exerted on a body 
and is measured by the product of the force acting 
on the body and the perpendicular distance from 
the axis of rotation to the line of action of the 
force.

When two angular velocities about separate ’ 
axes are added to a body, an angular motion about 
a third axis is produced. This new motion is called 
precession. The operation of a gyroscope exempli
fies the phenomena of precession.

Moving bodies possess kinetic energy by virtue 
of their motion. A body may possess potential 
energy by virtue of its position. A body possesses 
potential energy when it is at a position from which 
it can do work.

A body which continues in a state of rest is 
said to be in static equilibrium. Equilibrium of a 
body depends upon two conditions. The first con
dition requires that the vector sum of all the forces 
acting upon a body along any direction must 
equal zero. The second condition of equilibrium 
requires that the torques acting upon a body shall 
be balanced.

Simple harmonic motion is defined as a vibratory 
motion in which the acceleration of the vibrating 
body and the restoring force acting upon it are 
proportional to its displacement from the midpoint 
of its path and are directed toward that point. 
The to-and-fro motion of a pendulum describes 
simple harmonic motion.

Remember that gases are highly compressible 
and that they tend to completely fill any closed
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vessel in which they may be contained. Also re
member that as a flowing stream of gas increases 
in velocity, its pressure decreases, and vice versa. 
The temperature affects the pressure that a gas 
exerts against the walls of a confining container. 
An increase in temperature results in an increase 
of molecular motion which, in turn, causes an 
increase in pressure. This behavior is referred to 
as the kinetic theory of gases.

A phase of physics which is important in the 
missile field is optics or, in other words, the science 
of light. Optics are discussed in the following sec
tion.

SBCTION A  

Opfrcs fnvo/ved in 
Guided Missile Operation

Some of the systems of navigation and homing 
used in modern missiles are based upon the be
havior and phenomena of light or some form of 
radiant energy possessing characteristics similar 
to those of light. Examples of such systems are the 
heat-seeking and light-seeking homing and auto
matic celestial navigation systems.

To use the properties of light and radiant energy 
in missile systems, the radiant energies must be 
transformed or adapted to a form of energy suit
able for actuating or controlling the mechanical or 
electrical components employed in guiding and 
controlling missiles. This adaptation generally in
volves the use of an optical system in conjunction 
with the electrical and/or mechanical units used 
to control the flight of a missile or to determine 
its position. Your primary concern is the method 
by which the sources of light or radiant energy 
are employed as reference points in homing and 
navigation systems.

For you to understand the theory and operation 
of homing and navigation systems, some knowl
edge of the properties of light and of radiant 
energy is essential.

Modern theory considers light, both visible and 
invisible, as consisting of quanta (bundles) of 
energy which move as if guided by waves. The 
statistical behavior of the quanta depends upon 
the assumption that the energy of the quanta at 
any point is on the average equal to the intensity 
of the wave system at that point.

The wave theory of light assumes that light is 
transmitted from luminous (light-emitting) bodies 
to the eye and other objects by an undulatory or 
vibrational movement. The velocity of this trans
mission is approximately 186,300 miles per sec
ond, and the vibrations of ether (conducting 
medium of light in space) are transverse to the 
direction of propagation of the wave motion. These 
waves vary in length from approximately 3.85 to
7.60 ten-thousandths of a millimeter.

The impression of color produced when the 
light energy impinges on the retina of the eye 
varies in a complex way with the wavelength, the 
amplitude of vibration, and various other factors 
and conditions, some of which are beyond the 
scope of this manual.

Waves of similar character, but whose lengths 
are above or below the limits mentioned in the 
preceding paragraph, are not perceptible to the 
average eye under normal conditions. The very 
short waves between 1.0 and 3.85 ten-thousands 
of a millimeter in length constitute ultraviolet 
light and are detectable by photographic or chemi
cal action. Those waves which are longer than
7.60 ten-thousandths of a millimeter are the 
infrared waves and are detected by their thermal 
(heat) effects.

The electromagnetic theory of light as set forth 
by Maxwell, English physicist, holds that these 
waves, including those of light proper, are the 
same kind as those by which electromagnetic 
oscillations arc propagated through ether and 
that light is an electromagnetic phenomenon.

The most important phenomena of light are 
reflection, refraction, dispersion, interference, and 
polarization. One or more of these phenomena of 
light act through a suitable optical system as a 
medium for missile homing and navigation.

Optics is the science pertaining to light, light’s 
origin and propagation, the effects to which it is 
subject and which it produces, and other phe
nomena closely associated with it. Geometrical 
optics is concerned with the optical phenomena 
associated with reflection and ordinary refraction 
as they can be deduced mathematically from the 
simple laws of reflection which have been derived 
from observation and experimentation. Physical 
optics is concerned with the description and expla
nation of all optical phenomena in terms of physi
cal theories, as wave theory in general, electro
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magnetic phenomena, quantum mechanics, and 
other light properties.

One of the mysteries pertaining to radiant 
energy such as light, heat, and electromagnetic 
waves is the medium through which it is con
ducted. Only because the medium absorbs the 
energy and changes it to some other form are we 
able to recognize its existence and determine iK 
characteristics, As indicated earlier, the word 
ether is used to name the medium through which 
radiant energy is conducted. But it is not known 
what the medium actually is.

The most obvious fundamental property of

UNITS OF LIGHT INTENSITY

Luminous intensity or brightness of light repre
sents the degree to which visible light is present 
in the radiant energy emitted by the source.

The retina in the human eye is sensitive to a 
relatively small portion of the radiant energy 
emitted by an incandescent body. To measure the 
relative intensities of visible light, special standards 
and techniques must be used. Such standards and 
techniques constitute the science of photometry.

Light can be considered as a flow of radiant 
energy or luminous flux (expressed in ergs per

4

Figure 4-20. Light Rays from Point-Sourcm

light is that it travels in straight lines when passing 
through a homogeneous (uniform in density and 
composition) medium. The rectilinear (straight- 
line) propagation of light supports the idea that 
a ray of light is the rectilinear path in a homo
geneous medium along which light is propagated 
or transmitted.

By choosing one point on a luminous body and 
from that point drawing a straight line in the 
direction of the propagation of light, you can 
represent a ray of light. From this point-source 
of light, you can draw an infinite number of rays, 
as shown in figure 4-20. This collection of rays, 
or cone of light, is referred to as a pencil of rays. 
Two rays from such a group are enough to locate 
the point-source of the light by simple geometric 
means. The point-source is the point of intersec
tion of lines extended along the paths of the rays.

second). Because of the variations of sensitivity 
of the human eye to different colors (different 
wavelengths of light), luminous flux cannot be 
measured visually in ergs per second. In place of 
the erg, a unit called the lumen must be employed 
for this purpose.

A lumen is the amount of light flux radiating 
from a uniform 1-candlepower (1-cp) source 
throughout a solid angle of such size as to sur
round a unit area at a unit distance from the 
source.

Light flux refers to the rate at which a source 
emits light energy, evaluated in terms of its visual 
effect.

If you imagine the l-candlepower source to be 
located at the geometric center of a hollow sphere 
having a radius of 1 foot, then each square foot 
of the interior surface of the sphere receives 1 
lumen of light. Since the total area of the sphere
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Figure 4-21. light Failing on Area R* at Distance R 
from l-cp Source Equals 1 Lumen

is 4 pi (4 t ) square feet, the total light emitted 
by the l-candlepower source is 4 tt lumen. Figure
4-2! of a sphere and solid angle illustrates this 
example. Light from 1-candlepower source falling 
upon a unit area at unit distance represents 1 
lumen.

Most sources of light have different luminous 
intensities along different directions. The average 
of the candlepowers measured in all directions 
about a source of light is called the mean spherical 
candlepower. If a source having a mean spherical 
candlepowcr of 1 cp emits 4 ir lumens of light 
flux, the total flux, F, in lumens emitted by a 
source of mean spherical candlepower, may be 
expressed by the equation F =  4^r I0.

The primary standard of luminous intensity, 
developed by the National Bureau of Standards, 
consists of a glowing enclosure operated at the 
temperature of solidifying platinum (2046* kelvin 
or 2)87° centigrade) and arranged as shown in 
figure 4-22. The platinum is contained in a cru
cible of fused thorium oxide or quartz, surrounded 
by a beat-insulating material. The unit is placed 
in an alternating magnetic field so that the plat
inum in the crucible is melted by the currents 
induced within it. A viewing tube of fused quartz 
or ihorium oxide, containing some finely powdered 
thorium oxide, is enclosed by the molten platinum 
and serves as a “black body” radiator. The bright
ness within this tube is considered to be 60 candle
powcr per square centimeter when the metal, in

cooling slowly, attains its solidifying temperature. 
The new simulant candle is one-sixtieth of the 
luminous intensity of one square centimeter of a 
hollow enclosure at the temperature of solidifying 
platinum.

The amount of light flux which falls upon a 
surface and the area of the surface together deter
mine the degree of illumination. The illumination 
is uniform only when a single source of light is 
employed and when all points on the illuminated 
surface are equidistant from the source.

A light intensity of I lumen per square foot is 
a foot-candle and is the amount of illumination 
received on a surface I-foot distant from a stan
dard candle. The illumination of a surface is 
measured by the number of lumens incident upon 
a unit of area. E =  I /d '\  where E represents the 
total illumination, I equals the intensity of the 
source in candlepower, and d equals the distance 
from source to surface.

If you consider a surface of area, A, as receiv-

Figure 4-22. Nofionol Buroou of Standards Primary 
Standard of Luminous Intensity
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ing ;i total light flux, F, you can express the 
illumination of the surface in terms of lumens per 
unit of area, such as lumens per square foot. 
Expressed as an equation, E «  F/A.

The degree of illumination which a light source 
produces upon a given surface depends upon the 
intensity of the source and its distance from the 
surface, provided that the rays of light pass 
through a uniform medium and strike the surface 
normally.

Increasing the intensity of the source produces 
a proportional increase in the light flux falling 
upon the surface. Increasing the distance of the 
surface from the source decreases the illumination 
of the surface by an amount proportional to the 
square of the distance. Doubling the distance be
tween the source of light and the illuminated sur
face will reduce the illumination of the surface to 
one-fourth its original value.

This effect is common to all forms of radiant 
energy and is expressed in the inverse square law 
which states that the “radiant flux density at any 
surface varies inversely as the square of the dis
tance of that surface from the source of radiation.”

The numerical value of illumination is identical 
whether expressed in foot-candles or in lumens 
per square f.oot.

Remember the equation E =  I/d* can be used 
to calculate illumination only for a spherical sur
face with the source of radiation at its center. 
This condition is known as normal illumination.

For small surfaces where the distance from 
source to surface is large in comparison to the 
dimensions of the surface, the formula can be used 
with little error. Over large surfaces where all the 
flux paths are not perpendicular to the surface, 
the diffusion of light is not uniform. The flux 
intensity is reduced at points farther removed from 
the source by an amount proportional to the 
cosine of the angle of incidence. This factor must 
be included in calculations. The formula

_  I cos i 
E =  - d i -

is much more accurate under these conditions. 
Even with this formula the surface dimensions 
must still be small as compared to the distance 
from the source.

Up to this point, only the luminous intensity of 
a source in terms of point-sources have been con

sidered. When referring to luminous intensities of 
larger surfaces which may or may not be self- 
luminous, the quantity, or term brightness, must 
be used to specify luminous intensities of unit 
area. Brightness is deflned as the luminous inten
sity of a unit area of a surface in a given direction. 
Brightness is expressed in terms of candlepower 
per square unit of area. It is generally expressed 
in terms of square centimeters.

The difference between brightness and illumi
nation can be illustrated by considering this page 
which you are reading. The page is uniformly 
illuminated (or nearly so), but the printed letters 
reflect less of the incident light and therefore are 
less bright than the white paper upon which they 
are printed.

Brightness of a surface and the illumination on 
the surface would be numerically equal only if 
the surface reflected all of the light that fell upon 
it. Table 4-2 shows the approximate values of

Table 4-2. firigbfnos* of Common Ob/ects

d isk .. .......................

C fQ t if  o f o ca rb on  a rc . . .  . . .  . .  .1 4 ,0 0 0 .0 0 0  cp,/«q.

Ton9 stsn lam p A lo m in l. . ,»

Moor>‘t  ditlc.......................

Clftar blua iky,

N a w ip a p t r .  ......................

brightness of some familiar self-luminous and 
non-luminous objects.

Generally the brightness of a surface depends 
upon the direction from which it is viewed, but 
there are some materials which scatter light in 
such a manner that their brightness is the same 
from all angles of view. Examples of such light- 
diffusing substances are magnesium-oxide and 
new-fallen snow. For surfaces of this type, a unit 
of brightness called the lambert is used.

A lambert represents the brightness of a per
fectly diffusing surface which is emitting or scat
tering light in the amount of 1 lumen per square 
centimeter. When the reflected light is less than 
the incident light, the brightness in lamberts is 
equal to the product of the illumination and the 
reflection coefficient of the surface material.
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MEASUREMENT OF LIGHT INTENSITY

The relative intensities of two or more sources 
arc not discernible to the human eye by direct 
viewing, but whether or not two surfaces side by 
side are equally illuminated can be determined 
accurately. The matching of illumination on two 
adjacent surfaces is the basic principle of the 
photometer, a device employing two lamps located 
at some suitable distance apart with a screen 
located between them. Each side of the screen is 
illuminated normally by one of the sources. The 
flux paths from each source are perpendicular (or 
nearly so) to all points on the surface of the screen.

The screen is moved along the flux path between 
the two sources until the same degree of illumi
nation is observed on both sides. The distances 
from the lamps to their respective sides of the 
screen are then measured. From the equation

you can establish the ratio
fi _ I2

dia “  d22

where It and I2 are the luminous intensities of the 
lamps in candlepower and dj and d2 are their 
respective distances from the screen. If the value 
of either li or Ij is known, the value of the other 
may be readily computed. Figure 4-23 illustrates 
the application of the inverse square law as ap
plied in the foregoing calculation.

If distance di is found to be twice the value of 
d2 and I2 represents a source of 16-candlepower

intensity, the intensity of Ii must be four times 
that of I2 to produce the same illumination of the 
translucent screen.

From the second equation above,
U ___ U

d r  -  d,»

Therefore, if d, is equal to twice d2 and if I2 is 16 
candlepower,

I, _  16
22 “  l2

Thus, It equals 4 times 16 cp; It equals 64 candle- 
power.

The foregoing method of computing the inten
sity of one light source in relation to another is 
satisfactory when both sources are of the same 
color. A different procedure is necessary if the 
lamps are not the same color. Lamps of different 
colors can be matched with a standard lamp by 
varying the potential on the calibrated lamp. Low
ering the potential produces a noticeably yellower 
color. Increasing the potential increases the white
ness of the color.

Another method of comparing lamps of differ
ent colors is to use a so-called flicker photometer, 
which employs a rotating prism. The rotating 
prism enables the viewer to see one side of the 
screen and then the other alternately in rapid 
succession. Upon increasing the frequency of alter
nation, a value will be found for which the flicker 
resulting from color difference disappears. The 
colors appear to blend into a single hue. If the

Figure 4-23. Practical Application of Inverse Square law
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frequency is not loo high* the flicker resulting 
from illumination difference remains. The pho
tometer screen is moved until this flicker also dis
appears. The lamps con then be compared in the 
usual way.

Photoelectric cells with suitable light filters can 
also be used to compare the candlepower of lamps 
or other sources of light of different colors.

Photoelectric current is proportional to the

light gave inaccurate results because of time losses 
in the operation of the equipment used. But recent 
observations using improved optical devices and 
electronic timing controls have greatly reduced the 
error. The velocity of light is now considered to 
be approximately 186,300 miles per second. In 
general calculations, either 300,000,000 meters 
or 186,000 miles per second is used as the velocity 
of light and radio waves.

n / • £ • '  ̂ ' '3'V I

j&aS&S
Figure 4-24. Phototmissiv Ce/f uied fo fMasvr* Light Intimity

■f
J

illumination on the photo-cathode and the candle- 
power of the lamp under test can be expressed in 
terms of the current it produces as compared with 
that produced by a calibrated standard lamp. Fig
ure 4-24 illustrates how a photoemissive cell may 
be used in this application.

Light from the source (lamp, etc.) falls upon 
the cathode of the cells, which, is coated with some 
light-sensitive material. This material releases or 
emits electrons when struck by the incident light 
rays. These electrons are attracted to an anode 
which has been placed at a positive potential by 
means of a suitable battery. A meter connected 
in series with the cathode, anode, and battery 
registers the increase in current produced by the 
incident light. Filters may be placed between the 
source and the cathode so as to permit only light 
of a desired wavelength (color) to reach the 
cathode.

In selecting reference stars for celestial-naviga
tion systems, the primary concern is the evaluation 
of intensity in one direction only. Photometric 
devices described in the preceding paragraphs can 
be adapted to this application.

VELOCITY OF LIGHT

Early experiments to determine the velocity of

Modern methods for calculating the velocity of 
light usually employ some modified version of the 
rotating-mirror method used by the French phys
icist Foucault in 1850. Foucault's method in
volved the directing of a narrow beam of light 
upon a plane mirror rotating at high speed. A 
fixed mirror located at a considerable distance 
from the flashing (rotating) mirror received the 
momentary flash of light and reflected it back to 
the rotating mirror from which it was again 
reflected. During the interval of time required for 
the light beam to travel through the measurable 
distance between the rotating mirror and the 
stationary mirror and back, the flashing mirror 
rotated through a definite angle.

From the angular velocity of the rotating mirror 
and the distance between the mirrors, the time 
required for the light to travel from the flashing 
mirror to the fixed reflector and return was com
puted, and from these factors the velocity of the 
light was determined. '

Foucault’s method was improved by an Ameri
can physicist, Michelson, who used a rotating 
octagonal mirror. Light from a source of high 
intensity was reflected from one face of the rotat
ing mirror to a distant plane mirror. The return
ing light ray from the fixed mirror would strike
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another face of the rotating mirror from which it 
was reflected into the observer's telescope.

REFLECTION AND REFRACTION OF LIGHT

Two of the most important phenomena of geo
metric optics are reflection and refraction. Each 
of these phenomena is characterized by a basic 
relationship or natural law and is present in all 
optical systems such as the human eye, lenses, 
prisms, telescopes, microscopes, etc.

Low of Regular Reflection

The fundamental law of regular reflection states 
that when a ray of light is reflected from a surface, 
the angle of reflection is equal to the angle of 
incidence. The reflected ray, the incident ray, and 
the normal (a line perpendicular to the reflecting 
surface at the point of reflection) all lie in one 
plane. Figure 4-25 illustrates this law.

The law of reflection applies when light is 
reflected at the interface (common boundary)

between two unlike media such as air and a solid 
surface. The one medium (air) in this case is 
transparent and the other (solid) is opaque.

Rofraction of Ray*

If the second medium is not opaque, some of 
the light passes on through it and is refracted or 
bent in a direction which generally is different 
from the direction of the incident rays. The re
fracted rays still lie in the same plane as the normal 
to the surface. The degree to which this bending 
action takes place determines the refractive index 
of the medium.

Each refracting medium has a specific refractive 
index in any one refracting medium. There is a 
constant ratio between the sine of the angle of 
incidence and the sine of the angle of refraction 
in any one refracting medium. Both angles are 
measured with respect to the normal, a line in 
this case, perpendicular to the reflecting surface 
at the point of incidence and refraction.

According to Snell’s law, a ray is bent toward 
the normal if the second medium has a greater 
refractive index than the first and is bent away 
from the normal if the second medium has a 
smaller refractive index.

The angle of refraction is smaller for some 
mediums than others. For example, the angle of 
refraction is smaller for glass than for water be
cause the refractive index of glass is greater than 
that of water and thus tends to bend the refracted 
ray nearer to the normal.

Figure 4-26 illustrates examples of refraction. 
They show how a light ray is bent in passing from

F i g v r o  4 * 2 6 .  R o f r a c t io n  o f  Lighf Roy*
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one medium to another. The figure on the left 
illustrates the refraction of a light ray in passing 
from air to glass, and the right-hand figure illus
trates the refraction of the ray in passing from 
glass to air.

You can conclude from this explanation that a 
ray will deviate toward the normal when its veloc
ity is decreased, and it will deviate away from the 
normal when its velocity is increased. When a ray 
passes from one medium into another which tends 
to reduce its velocity to a greater degree than it 
was reduced in the first medium, it deviates toward 
the normal. The ray deviates away from the nor
mal if it passes from a medium in which it met 
more opposition (velocity slowed) into another 
medium in which it encounters less opposition.

As noted above, the ratio of light velocities in 
two mediums which are in contact is a constant 
for those two mediums. As noted above, this ratio 
is referred to as the refractive index of the second 
medium with respect to the first. The refractive 
index for two mediums is represented by the sym
bol (mu sub 1, sub 2), with the order of the 
subscripts indicating the direction of the ray of 
light.

The taw of refraction states that “when a wave 
travels obliquely from one medium into another, 
the ratio of the sine of the angle of incidence to 
the sine of the angle of refraction is the same as 
the ratio of the respective wave velocities in these 
mediums and is a constant for two specific me
diums." Thus

sin i Vj

The absolute refractive index of a medium is its 
index compared to the refraction of light in a 
vacuum, which is considered as unity (1.000). 
The refractive index of air is so small that for 
practical' purposes it is used as a standard.

Another important phenomenon of refraction 
which you will encounter in the study of celestial- 
navigation systems is that when a ray of light 
passes through one or more parallel-sided media 
and emerges into the original medium, it is dis
placed laterally but its direction is unchanged.

In figure 4-27, i represents the angle of inci
dence, r the angle of refraction, and e the angle 
of emergence of the ray of light passing through 
the parallel-sided medium, glass.

A ray of light passing from air through a par
allel-sided pane of glass and emerging into air 
follows the law of refraction for each surface of 
the glass. Thus, angles i and e arc equal, and the 
incident ray is parallel to the emergent ray. Also,

which shows that the refractive index of glass, g, 
with respect to air, a, is the reciprocal of the 
refractive index of air with respect to glass.

These same principles hold true for a ray of 
light passing through more than one parallel-sided 
medium, as illustrated in figure 4-28. The figure 
shows how light is refracted in passing through 
several parallel-sided media. The refractive index 
of each medium is noted in the figure. Notice in
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lhe illustration that the angle of refraction in the 
glass is less than in the air or gas.

A ray of light, passing through a medium with 
a high refractive index toward one with a lower 
refractive index, is refracted if the angle of inci
dence is not too large when it passes into the 
second medium. If the ray is inclined to an ever- 
increasing angle of incidence, it arrives at some 
position at which it no longer passes into the 
second medium. Instead, it is totally reflected at 
the common surface of the two mediums. Such a 
condition is known as the critical angle of inci
dence. The critical angle of incidence is the maxi
mum angle at which the ray of light striking the 
surface of a medium passes through it.

ment of a ray of light passing through one sub
stance. The displacement is compensated for by 
causing the ray to emerge from the displacing 
substance into another material which has a re
fractive .index that is the reciprocal of that of the 
first substance. This procedure tends to cause the 
final angle of emergence to equal the original 
angle of incidence. Such compensation may be 
necessary in cases where the desired light must 
pass through some secondary medium, such as a 
pressurized chamber, before it reaches the receiv
ing device. To present the light to the receiving 
device in its original angle, the displacement pro
duced by the secondary medium must be nullified. 
Problems similar to this example exist in the case
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Figure 4-29, Total Reflecting Prism in Various Positions

When this critical angle of incidence is ex
ceeded, the refracted ray grazes the surface with 
an angle of refraction of 90° in the medium, and 
the ray is totally reflected from the surface of the 
medium. This principle is often applied in optical 
instruments. Prisms are used to achieve “total 
reflection” whenever avoiding the use of silvered 
mirrors is desired.

Basically, a prism is a transparent body bound 
in part by two plane faces which are not parallel. 
The line in which these faces meet is called the 
edge of the prism. Prisms are taken up in more 
detail later.

Figure 4-29 shows three positions of a prism, 
which has 45° angles, in the path of light rays. The 
First position shows the prism functioning like a 
plane mirror tilted downward, the second position 
shows how the prism inverts an image, and the 
third position shows how the prism displaces the 
rays and reverses their direction.

It is possible to compensate for the displace-

4-28

of optical instruments used for celestial observa
tions. The instruments must be housed within 
some protective container, such as the hull of a 
missile. The original light ray passes through a 
heavy glass pane and then perhaps into a zone of 
a different refractive index than the external at
mosphere.

Variations in atmospheric conditions produce 
variations in the refraction of light from celestial 
bodies; therefore, in selecting a star as a fix for 
a celestial navigation system, choose one whose 
light has an angle of incidence as nearly equal as 
possible to the normal for the earth’s atmospheric 
layer.

Light rays passing through successive layers of 
air of varying densities or through translucent 
media with varying indexes of refraction are bent 
or directed along a new path of radiation by each 
layer. When this process occurs at a visible rate, 
it produces an effect called scintillation, more 
commonly called glitter or twinkle. The twinkling
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of starlight is produced in this manner. A similar 
effect can be detected with respect to electromag
netic waves passing through zones of conductance 
which vary in refractive characteristics for each 
specific wavelength of the radiations.

Light reflected from surfaces with many facets, 
such as cut diamonds, tends to produce the effect 
of flashing or scintillating. Electromagnetic waves, 
reflected from various objects and arriving at the 
receiver at intervals slightly later than the direct 
beam, tend to produce phase differences and 
frequency in varying degrees. This results in phase 
cancellation and interference, referred to as “fad
ing,” “swinging signal,” or “ghosts.”

In television, a “ghost” image on the picture 
screen occurs when the transmitted signal arrives 
at the receiver along more than one path, the 
paths being unequal in distance. This condition 
produces two or more images slightly displaced 
in phase and time.

Radar signals are subject to the same effect. 
The effect is present when the signals are reflected 
from moving surfaces or from more than one 
object, or when they are refracted by inequalities 
in terrain or atmosphere. To minimize this effect 
of fluctuation or scintillation, the radar beam is 
narrowed so that both the incident and reflected 
beams travel through a narrow zone and are less 
subjected to reflection from objects other than 
those directly along the principal axis of the beam. 
When scintillation is produced by a fixed or con
stant succession of media, the frequency of the 
scintillation may be used to identify the path or 
locate the source of the radiation.

Functions of Prisms

A simple optical device which may be used to 
compensate for light displacement or to produce 
some specific deviation in a beam of light is the 
prism, which was described briefly in the preced
ing section.

The amount of deviation produced by a triangu
lar prism depends upon the angle of the prism, ihe 
refractive index of the material of the prism, and 
the angle of incidence of the light passing through 
the prism.

By controlling the position of a common trian
gular prism with respect to the source of light and 
by choosing a prism of proper angle, the desired

deviation of the light beam can be produced even 
to the extent of producing total reflection.

Some light is absorbed or reflected by the trans
parent medium; consequently, the intensity of the 
light which emerges is less than that of the inci
dent light even though the angle of incidence is 
90°. When a light ray passes through air and 
strikes the surface of a glass window at a 90° 
angle (perpendicularly), approximately 4 percent 
of the incident light is reflected leaving 96 per
cent to pass into the glass. The degree to which 
light is absorbed in passing through a transparent 
medium depends upon the nature of the substance, 
its index of refraction, and the angle of incidence.

Spectra

The “rainbow” of color produced by sunlight 
passing through a crack and diffracting medium 
into a darkened room is a visible color spectrum. 
This phenomenon is the result of refraction and 
dispersion of light rays, and it exemplifies the 
basic principle of spectrography.

White light is composed of light rays of many 
hues blended together. When such light is passed 
through a narrow opening or slit into some dif
fracting medium, rays of each different color are 
diffracted at different angles and spread out into 
merging bands of six principal colors. These colors 
are red, orange, yellow, green, blue, and violet. 
The diffracting of radiations of light at different 
angles produces a “rainbow” or spectrum of light. 
The prism shown in figure 4-30 is acting as a 
diffracting medium, thus producing a spectrum 
of light.

A spectrum is composed of hundreds of hues 
which ore grouped broadly into the six principal 
colors mentioned above. These colors appear in 
the order of increasing deviation from red to violet.

The color of light is determined by its frequency 
of vibration, the frequency being lowest for red 
and greatest for violet. The wavelength, k (lamb
da), is longest for infrared light and shortest for 
ultra-violet light, and each color possesses certain 
characteristics and properties which may be used 
in light-sensitive or optical systems for missile 
guidance.

The deviation produced by a prism is greater 
for the higher-frequency components of white 
light than for the lower-frequency hues, but no
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definite relationship exists between frequency and 
deviation. Prisms of different materials spread the 
component colors of the spectrum in varying 
degrees.

Some materials produce anomalous dispersion; 
that is, some prisms are composed of materials 
that do not disperse white light in the regular 
sequence of colors. Such prisms deviate certain 
colors to a much greater degree than others and 
also absorb certain portions of the spectrum.

In a quantitative study of the spectrum, it be
comes necessary.to refer to each particular part 
of it with definiteness. This is done by specifying 
any hue by the vibration rate of the light source 
and its corresponding wavelength. As in all other 
forms of wave motion, the velocity of light is 
equal to the wavelength times the frequency,

V =  fX,

where f equals the frequency and X the wavelength. 
When light is retarded by a medium such as glass, 
(he frequency is unaltered. Since velocity de
creases, X must also decrease in direct proportion. 
Therefore, X is not a constant quantity for a given 
vibration, but it depends upon the medium.

In general, values of X for different colors of 
a spectrum are given as the wavelength in air or 
in a vacuum. Wavelengths are so short for visible 
light that a special unit of length shorter than the 
centimeter is commonly employed to measure 
them. This unit is known as the Angstrom unit, 
named in honor of a Swedish physicist. The Ang
strom unit, A, is equal to one one-hundred mil
lionth of a centimeter (lO^cm).

In some cases of lower-frequency radiations, 
the micron may be used as a measuring unit. One 
micron is equivalent to 10,000 A.

Spectra are often classified into three general 
types; emission, absorption, and solar spectra.

E m i s s i o n  S p e c t r u m . A spectrum produced by 
a glowing object is termed an emission spectrum. 
Us appearance depends primarily upon the com
position and state of the luminous object.

Incandescent solids and liquids produce contin
uous spectra, extending from color to color with
out interruption. Luminous gases and vapors yield 
spcctr;\ consisting of definitely placed bright lines. 
Each bright line is an image of the slit through 
which the radiation is received.

Every gas emits radiation of particular wave
lengths, and each spectrum is characteristic of the 
radiating substance. For example, sodium vapor 
yields two bright lines in the yellow part of the 
spectrum, while mercury vapor yields several 
bright lines, the most conspicuous being in the 
green and blue regions. Figure 4-31 shows the 
bright-line spectra of several etements over the 
range of the visible spectrum. The continuous 
spectrum at the top is an uninterrupted series of 
images of the illuminated slit.

The number of lines in a bright-line spectrum 
depends upon the amount of energy with which 
the atoms of the source are excited to produce 
glowing, as well as depending upon the nature of 
the source. The greater the excitation of the atoms 
of a substance, the greater the number of lines 
that appear in the spectrum of the substance.

Absorption Spectrum. Absorption spectra 
occur when white light has passed through an 
absorbing medium before the light is dispersed. 
A glowing solid, or other source from which the 
light radiates, yields a continuous spectrum, but 
when the light passes through the absorbing me
dium, radiations of particular wavelengths are ab
sorbed. The resulting spectrum is usually crossed
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figure 4-31. Continuous and Bright Line Spectra

by dark spaces because of the absence of the 
absorbed radiations. If the absorbing material is 
solid or liquid, these dark spaces appear as broad, 
structureless bands. If the material is gaseous, 
the dark spaces consist of dark lines which occupy 
the same positions as the bright lines in the cor
responding bright-line spectrum.

Solar Spectrum. A spectrum formed by radi
ations from the sun is called the solar spectrum. 
This spectrum appears continuous from a casual 
inspection. A more critical examination shows 
that it is crossed by numerous dark lines. No 
doubt the sun’s radiation comprises all wave
lengths in the visible range, but in passing through 
the sun’s “atmosphere,” certain wavelengths are 
absorbed. The spectrum observed is in reality an 
absorption spectrum of the sun’s atmosphere.

Continuous spectra are produced by light from 
incandescent solids and liquids. Bright-line spectra 
come from incandescent vapors or gases. Absorp
tion spectra are produced by light passing from 
an incandescent solid or liquid through an in
candescent vapor or gas.

POLARIZATION OF LIGHT

When the question arises as to whether light 
waves are longitudinal like sound waves or trans
verse like elastic waves, it is advisable to consider 
the phenomenon of polarization of light.

If a beam of light is passed through a substance 
composed of two colors, such as a crystal of tour
maline or a sheet of “Polaroid,” the beam’s 
passage is restricted to a particular plane of 
vibration. The beam is said to be plane-polarized 
and will pass through a second crystal of tourma
line or sheet of “Polaroid" only if the tourmaline 
or sheet is oriented exactly the same as the first. 
If the second crystal or sheet is rotated 90° with 
respect to the first, no light passes through.

The first crystal or sheet is called the polarizer, 
and the second the analyzer. The analyzer is so 
named because the angle of polarization may be 
determined from the angle through which the 
analyzer must be rotated between the points of 
light passage and cutoff. Figure 4-32 illustrates 
the principle of polarization of a transverse wave.

POLARIZER AN ALYZER
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The vibrating rope corresponds to a beam of light 
in I his analogy.

Vertical vibrations of the rope pass through a 
vertical slot (Sv), but they are stopped by the 
horizontal slot (Sh). The wave represented by 
the rope is polarized. It is vibrating in one plane 
only (in this example the vibrations are in the 
vertical plane). Light can be similarly polarized 
by certain optical substances such as tourmaline 
crystals and “Polaroid,” which is the trade-name 
for a commercial product possessing this property.

If slot Sh were rotated 90* in the foregoing 
analogy, the waves would pass through it. Sr lim
its the wave motion to the vertical plane and is the 
polarizer. Sn is the analyzer. Since Sh must be 
rotated 90* to permit the waves to pass, it is 
evident that the degree of polarization pro
duced by Sv is 90°. The degree could be 
determined by the required distance of rotation of 
Sh between points of passage and cutoff, even 
though Sv were not visible.

Both theory and experiment have shown that 
longitudinal waves cannot be polarized. We may 
conclude that light must have a transverse wave 
motion if it has the form of wave motion at all.

Light can be polarized to a considerable extent 
by reflection alone. All reflected light is polarized 
to a certain degree because of scatterings caused 
by dust and vapor particles. Scattering is more 
apparent in light of short wavelengths. This 
statement is supported by the color changes of 
the sky. The midday sky appears blue, but a 
sunset appears reddish. The sunset appears red
dish because the light travels through a longer 
path of earth’s atmosphere, resulting in the short 
wavelength blue light being dissipated by scatter
ing. This scattering leaves a predominance of the 
longer wavelength reddish hues.

FLUORESCENCE AND PHOSPHORESCENCE
Some natural substances possess the property 

of emitting light when excited by an external 
force, such as "bombardment" by electrons of 
certain forms of radiant energy. In some cases, 
light is emitted by the substance only while the 
bombardment is taking place. In other cases the 
emission may persist for some interval of time 
after the external excitation has ceased. These 
properties are termed fluorescence and phos
phorescence, respectively. The duration of light 
emission is referred to as the persistence of the

material. Phosphorescence Is commonly referred 
to as afterglow.

One of the fluorescent substances used in 
electronic application is willemite (zinc ortho- 
silicate ZnjSiOi), a crystalline zinc compound 
varying in color from white, greenish-yellow, and 
green to shades of red and brown. The white and 
green varieties are frequently used in the coatings 
on the screens of cathode-ray tubes used in 
oscilloscopes and radar indicators. Willemite is 
used in television kinescopes in combination with 
other substances which impart the desired degree 
of persistence.

Generally when the emission is induced by 
some form of radiation, the luminescent substance 
emits light which is of a longer wavelength than 
the incident radiation. This phenomenon is en
countered in the flourescent lamp in which certain 
phosphorus compounds are excited by ultraviolet 
radiation which is invisible. The compounds then 
emit visible light of various colors. The fluorescent 
compounds used in the "soft white" and “day
light" lamps are combinations of zinc beryllium 
silicate and magnesium tungstate.

Infrared radiations reflected from objects onto 
a photo-sensitive surface which is sensitive to 
infrared light may be used for seeing in the dark. 
A device called the snooperscope was developed 
during World War II for this purpose.

Essentially, the snooperscope consists of a 
source of infrared light and an image tube having 
a light-sensitive cathode. An infrared lamp pro
jects a beam from which all visible light is filtered 
out. The reflected rays from the beam are caught 
upon a cesium cell, which is highly sensitive to 
infrared light and which forms the cathode of the 
image tube. The reflected radiations incident upon 
the cell cause it to emit photoelectrons which are 
then focused on a fluorescent screen to form a 
visible image, as in the cathode-ray oscilloscope.

You will find in later chapters that a knowledge 
of the emission spectrum of any radiating surface 
is of value in understanding a homing system to 
guide ,1 missile toward a target presenting such 
characteristics of emission. This knowledge also 
is of value in understanding navigation systems 
employing light from certain fixed stars as a 
reference.

Such systems must be highly sensitive and 
selective and thus require the use of optical com
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ponents of the highest precision. Marked progress 
has been made in improving basic optical instru
ments and in adapting them to new applications 
and in developing electronic systems which em
ploy the basic principles of optics. This progress 
has created systems which are extremely sensitive 
and selective with respect to heat, light, and 
other forms of radiant energy.

Many of the present-day missile guidance and 
navigation systems are of these improved types, 
and further research and development undoubt
edly will produce revolutionary improvements in 
their accuracy and reliability as well as in their 
adaptation to industrial and commercial usage.

SECTION B
How Optical and Electronic 
Principles Work Togefher

A brief explanation of some of the basic 
optical and electronic components is given here 
to help you understand the guidance and naviga
tion systems of missiles. In considering these 
basic components, you will gain a general idea 
of how light waves are used along with electro
magnetic waves in electronic equipment. You will 
learn about some of the properties common to 
both types of waves. Devices using radiant energy 
(light) are taken up first.

SIMPLE OPTICAL DEVICES

To use the various phenomena of radiant 
energy, simple optical devices such as mirrors, 
prisms, and lenses are employed either singly or 
in combinations to suit the complexity of the 
requirements.

Functions of Mirrors
A mirror is a polished or smooth surface that 

forms images by means of reflected light. When 
an object is placed before a plane mirror, a right- 
side-up image is formed. The image appears to be 
just as far behind the surface of the mirror as (he 
object is in front of it. You encounter this simple 
phenomenon whenever you approach a mirror.

Your image appears to move toward you from 
a point to the rear of and equally distant from the 
mirror surface. This phenomenon conforms to 
the laws of reflection and is an important one in 
regard to optics.

Figure 4-33 shows a plane mirror with an 
image that is direct and vertical and appears to 
be as far behind the mirror as the object is in 
front of it.

Curved reflecting surfaces are designed to give 
variations in the apparent position and dimensions 
of the image by deviating a beam of light, causing 
it to be more or less converging when reflected 
than it was when incident upon the mirror.

Spherical mirrors are classified as concave or 
convex. A concave mirror has its reflecting surface 
on the inside of the spherical shell while the 
convex mirror has its reflecting surface on the 
outer side of the shell.

A concave mirror is a converging reflector be
cause it actually converges the light rays. A con
vex mirror is a diverging reflector because it 
makes the light rays appear to diverge.

The center of the spherical surface is called 
the center of curvature of the mirror. A line from 
the middle point of the mirror surface to the 
center of curvature is called the principal axis 
of the mirror. Figure 4-34 illustrates the two types

Figure 4-33. Object Distance Equals Image Distance
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of spherical mirrors and how they reflect incident 
light.

Point “F” is the principal focus of the mirror. 
The distance of the principal focus from the 
mirror is the focal length. The principal focus of 
a spherical mirror Is located on the principal axis 
half-way between the center of curvature and the 
mirror surface.

The ratio of the dimensions of a mirror with 
respect to the radius of curvature is referred to 
as the aperture of the mirror. Most optical 
mirrors are of small aperture and produce only 
a slight inclination of the incident rays with re
spect to the principal axis.

The ratio of the size of the image to the size 
of the object is referred to as the magnification 
of a mirror. A spherical convex mirror always 
causes the image to appear reduced in size but 
right side up, A spherical concave mirror can be 
made to produce inverted images which appear 
to stand out In space or to produce right-side-up 
images which appear to be behind the mirror.

The inverted images are called real Images be
cause they appear to exist where the rays of light 
are focused and because they can be localized 
upon a screen. Right-side-up images are called 
virtual images and cannot be projected upon a 
screen.

Mirrors are part of the optical systems used in 
navigation and in surveying instruments. Often 
an optical system is used in conjunction with an 
electronic system which converts the optical data 
into electrical data. The electrical data can then 
be transmitted over great distances. Television is

an example of such a combined optical and 
electronic system.

Use* of Prisms
Prisms— covered previously in the section on 

light dispersion, reflection, and refraction— are 
used in binoculars, spectroscopes, refractomcters, 
and many other optical devices which use the 
phenomena of light dispersion and refraction.

The characteristics of light and the chemical 
composition of light sources may be determined 
by methods which involve the use of prisms.

In celestial navigation systems, the light from 
the reference star is passed through a prism in 
such a manner that either the predominant color 
or any desired color present in the dispersed beam 
can be used to activate a suitable photocathode 
or light-sensitive cell. The photocathode or cell 
produces and maintains a voltage or current- 
output level which is proportional to the frequency 
(color) and/or intensity, of the light which falls 
upon it.

Now you cBn visualize how such a constant 
voltage or current can be used to control a 
navigation system along a fixed path which is 
referenced to one or more specific light sources, 
such as stars. Many of the fixed stars emit light 
which is characterized by some specific color, 
such as Arcturus, which is blue, and Aldebaran, 
wbich is red. Spica is a spectroscopic binary; that 
is, Spica's white light is a blend of two pre
dominant colors,

A star can be identified by Us light spectrum 
once the spectrum has been tabulated. Spectro-
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scopic equipment involves the use of prisms tor 
the dispersion of the reflected light from the 
planet or the emitted light from the star.

Composition and Uses of Lenses

Usually, in addition to mirrors and/or prisms, 
lenses m some form are found in both optical 
and electronic-optical systems.

An optical lens is basically a piece of glass or 
other transparent material which has two opposite 
regular surfaces. Both surfaces may be curved, or 
one surface may be curved and the other plane.

Lenses are used singly or in combination with 
other lenses, prisms, or mirrors to perform specific 
functions. The primary function of a lens is to 
form an image by changing the direction of the 
rays of light. Such optical instruments as eye
glasses, cameras, microscopes, and telescopes are 
basically systems of lenses.

You will find that the curved surfaces of lenses 
generally are spherical, although in some rare in
stances cylindrical lenses may be encountered.

Spherical lenses may be classified broadly into 
six types as shown in figure 4-35.

Figure 4-35. Six types'of Spherical Lenses

1. Plano-concave: one plane surface and one 
opposite concavely curved surface.

2. Double-concave (biconcave): two opposite 
concavely curved surfaces.

3. Plano-convex: one plane . surface and one 
opposite convexly curved surface.

4. Double-convex (biconvex): two opposite 
convexly curved surfaces.

5. Converging concave-convex (converging me
niscus).
6. Diverging concave-convex (diverging menis

cus).
In all of these spherical lenses, the line joining 

the centers of curvature of the two surfaces is a 
line of symmetry of the lens and is called the 
axis of (he tens.

A lens whose focus for parallel rays is real is 
called a converging lens, as in the case of mirrors. 
And a lens which has a virtual focus for such rays 
is called a diverging lens.

Many of the principles of lenses which apply to 
light also hold true for other forms of radiation 
such as electromagnetic waves, cathode rays, etc.

The first outstanding scientific application of 
the principles of optics was in the field of 
astronomy. A telescope developed by the Italian 
physicist, Galileo Galilei, at the beginning of the 
17th century is generally regarded as the fore
runner of optical instruments; however, it is 
probable that eyeglasses were used prior to 
Galileo’s time and most certainly some of the 
properties of simple lenses and prisms had been 
known for centuries.

The accuracy of optical/electronic systems de
pends on the quality of the lenses and other 
optical components and the precision of the 
mechanical construction and calibration.

A berration of R ays Passing Through 
Lenses. The glass from which lenses are made 
must be free from impurities and must be homo
geneous in chemical structure. The radii of the 
spherical surfaces must be properly selected. 
These factors are important in minimizing spheri
cal aberration (deviation of rays from a focal 
point)' to the greatest possible extent. Spherical 
aberration occurs when rays of light parallel to 
the principal axis of a lens do not all converge 
at a common focal point but intersect, instead, 
along the principal axis at various points. The 
intersecting of rays produces a blurred image.

A plano-convex lens, used so that the incident 
light falls upon its curved surface, produces little 
spherical aberration, as illustrated in figure 4-36.

Chromatic aberration is another problem en
countered in the use of lenses. Chromatic aberra
tion occurs when the various colors present in 
the incident light converge as individual points 
along the principal axis of the lens. This results
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INCIDENT LIGHT ON 
CURVED SURFACE

Figure 4-36. Plano-Convex leni wif/i Liftle SpAtrrco/
Aberration figure 4-37. Bi-Convex Lens Showing Chromatic

Aberration

from the variations in the refractive indexes of 
the colors. As shown previously in reference to 
the light spectrum, violet color has a greater re
fractive index than red; therefore, the focal length 
of the lens is less for violet light than for red. The 
violet rays converge at a point closer to the 
surface of the lens than the point at which the 
red rays converge. This phenomenon is illustrated 
in figure 4-37.

In passing through a lens, white light tends to 
disperse into its component colors which, in turn, 
tend to focus at different points along the principal 
axis of the lens. This phenomenon produces 
chromatic (color) aberration.

To overcome this effect, two or more lenses 
may be combined so that the divergence produced 
by one lens is nullified by the convergence of 
the other. Such a compounded lens is called an 
achromatic lens or doublet and generally consists 
of two lenses with opposite dispersion characteris
tics placed in contact with each other. Figure
4-38 illustrates a bi-convex lens (positive), a bi
concave divergent lens (negative), and two lenses 
combined to form an achromatic lens which is 
relatively free from chromatic aberration.

Indistinctness of an image produced by a 
spherical lens may result from astigmatism which

becomes evident when rays of light pass through 
the lens obliquely and do not converge upon a 
common image point. This defect can be over
come by using two lenses suitably separated.

The high degree of accuracy required in the 
navigation of long-range guided missiles makes it 
obvious that any optical devices employed in mis
sile navigation must be of the highest precision 
and free from the effects of undesired external 
influences.

Celestial navigation systems using fixed stars 
for references must be designed so that they are 
“sensitive” to only the selected stars and will not 
react to light rays of different intensity or color 
which'might come within the fields of their tele
scopes. This means that all prisms used in the 
system must be accurately oriented with respect 
to the incident light reaching them through the 
“star-finding” telescope, so that the desired por
tion of the refracted spectrum is directed to the 
photo-cathode or photocell to maintain the stan
dard reference voltage or current for the system.

All lenses so used must be free from chromatic 
aberration or carefully compensated by other 
lenses or color filters. They also must be free from 
spherical aberration and astigmatism since any

CONSIDERABLE
CHROMATIC
ABERRATION

WHITE
LIGHT

POSITIVE (CONVERGENT) LEN5

CONSIDERABLE 
CHROMATIC 
ABERRATION

RED
WHI^E 

~ *y  LIGHT

VIOLET

RELATIVELY 
FREE OF CHROMATIC 

ABERRATION

10LET

NEGATIVE (DIVERGENT) LENS ACHROMATIC LINS, OR DOUBLET. COMPOSED 
OF POSITIVE ANO NEGATIVE LENSES

figure 4-38. Chromatic Aberration Caused by Different Types of Lenses
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minute deviation of the incident light beam within 
the optical system may produce a large “position 
error" in the navigation system.

R e c t i l i n e a r  P r o p e r t y  o f  L i g h t . Most as
tronomical and celestial navigation systems use 
the rectilinear property oF light. Distances and 
angles are computed on the basis of straight-line 
measurements to the reference stars; therefore, 
any factor in the system which would introduce 
deviation or bending of light rays would cause an 
error in the straight-line computations. “Star- 
finding” telescopes are usually mounted so that 
the reference star, when seen along the principal 
axis of the lenses in the telescope, is also in a 
plane normal (perpendicular) to the earth’s atmo
spheric envelope. This positioning is maintained 
by means of a stabilized-platform mounting for

angle. This phenomenon is illustrated in figure
4-39.

Magnifying power of an optical instrument may 
be defined as the ratio of the size of the image 
formed on the retina of the eye when the object 
is viewed with the aid of the instrument to the 
size of the image formed on the retina without the 
aid of the instrument.

The relative size of the images can be expressed 
in terms of the angles subtended by the images 
on the retina at a point along the optical axis of 
the eye and at the crystalline lens in the pupil of 
the eye.

The size of the image on the retina depends 
upon the distance between the object and the eye. 
There is a limit to the size of the image that can 
be formed on the retina. By using a converging

figure 4-39. fl©laf<onsh/p of Distance and Visual Angle

the celestial navigation optical components and 
by accurate parallel-sided windows in the hull of 
the missile. The windows serve as a passageway 
through which the light from the celestial body 
must pass before reaching the tracking telescopes.

Telescopes

For our purposes, a telescope can be defined 
as an optical instrument which employs a combi
nation of lenses or a combination of lenses and 
mirrors (or prisms) to magnify the apparent size 
of a distant object.

An object at a great distance from the eye will 
subtend a small visual angle, while the same object 
viewed at closer range will subtend a larger visual

lens or magnifier, the image size on the retina 
is increased because the visual angle is increased 
as a result of a real image being formed closer to 
the eye than the object.

For high magnification, short focal-length eye
pieces must be used when objective forward lenses 
of long focal length are used. The short focal- 
length eyepieces widen the angle of vision, thus 
rendering magnification.

Astronomical telescopes aid in viewing and 
photographing distant objects such as stars and 
planets by collecting and concentrating a larger 
beam of light, making the object visible or more 
distinct. There arc many varieties of astronomical 
telescopes, but generally they are classified in two 
types: refracting telescopes and reflecting tele
copes.
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R efracting T elescopes. A refracting tele
scope is the type which employs two lenses or 
systems. One system includes the objective lens 
which serves to collect the beam of light and 
form the image. The image is then magnified by 
the other lens known as the eyepiece.

In this telescope, the objective lens has a focal 
length as long as possible (limited by the length 
of the telescope barrel) and produces a real 
image of the object. The eyepiece has a short focal 
length (10 inches or less) and produces a virtual 
image of the image produced by the objective 
lens. As mentioned before, the eyepiece magnifies 
the image by widening the angle of vision.

Optical arrangement of a refracting telescope is 
illustrated in figure 4-40.

The dotted lines represent rays from the upper 
end of a distant object. The rays converge at the 
lower end (point of arrow) of image I a  by the 
action of the objective lens.

These rays continue on and are deviated by the 
eyepiece so that they appear to come from the 
upper end of the inverted image In.

The solid lines represent the rays from the ex
tremities of the object and image through the 
centers of the lenses.t

Without the telescope, the distant object would 
produce an image on the retina subtending the 
angle of vision, a, but with the telescope, the 
larger image sublending the angle, /3, is produced 
on the retina.

The objective lens of the refracting telescope is 
a carefully corrected achromatic lens, and the eye
piece is generally a compound lens.

R eflecting T elescopes. The second type of 
astronomical telescope is called a reflecting tele
scope. This type employs a concave mirror for 
collecting the beam of fight and for forming the 
image. It also has an eyepie.ee for magnifying the 
image.

Reflector-type telescopes may be designed with 
shorter overall length and wider fields of vision 
than the refractor type of equal magnifying power. 
Most astronomical telescopes of high power are 
reflector-type instruments.

Figure 4-41 Illustrates a reflecting telescope
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designed by Newton. In this telescope, a small 
plane mirror (or total-reflecting prism) on the 
axis of the telescope shifts the real image formed 
by the concave mirror from position U to position 
l». From Ib, the image is enlarged by the eyepiece 
which is set at right angles to the plane of the 
concave collecting mirror.

The same basic optical principles are involved 
in both the refracting and reflecting telescopes.

If a telescope is used to make photographic 
records, the eyepiece is removed and a sensitized 
plate or film is placed at the point where the image 
is formed by the objective lens. The optical ar
rangement, in this case, is the same as that of a 
camera with a great focal length.

In missile navigation systems employing tele
scopes as star-trackers, refracting-type telescopes 
(with extremely accurate lenses of high magnifi
cation and relatively narrow fields of view) are 
used. '

So far you have been given information on those

optical devices in which only optical principles 
□re involved. In the next few pages, the similarity 
of electromagnetic waves to light waves is pointed 
out. Television camera tubes, which employ elec
tronic principles as well as optical principles, also 
are presented,

COMPARISON OF U G H T  

AND ELECTROMAGNETIC WAVES

To illustrate the similarity between light and 
electromagnetic waves, your attention is directed 
to a comparison of optical systems and directional 
and beam-forming antenna systems, such as are 
employed with radio direction finders and radar 
equipment shown in figure 4-42.

Radiation of light from a point source in space 
is omnidirectional; that is, the light rays emanate 
in ail directions along straight-line paths. By means 
of reflectors, lenses, and filters, light rays can be 
directed, diffused, concentrated, selected as to

»

PtANE REFLECTOR 
(MIRROR)

A  RADIATION FROM A 
POINT SOURCE OF LIGHT

DIRECTOR

B  RADIATION 
FIELD OF 
VERTICAL 
ANTENNA

c  RADIATION FIELD OF 
VERTICAL ANTENNA 
WITH PARASITIC 
(ATTACHED) DIRECTOR

D RADIATION FIELD CROSS-SECTION OF 
OF SINGLE-WIRE QUARTER-WAVELENGTH 
MARCONI ANTENNA

UP

£ CROSS-SECTION OF RADIATION FIELD 
OF VERTICALLY MOUNTED HALF-WAVE

DIPOLE ANTENNA

Figure 4-42. fiod/ofion of light Waves and Electromagnetic Waver

\
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wavelength (color), and focused upon specific 
points as desired. This is illustrated in figure 
4-42 A.'

Radiation of electromagnetic waves from a 
single-wire vertical antenna (Marconi type) or 
from a vertically mounted dipole is in the form of 
concentric fields along the horizontal plane as 
illustrated in figures 4-42B and 4-42C.

By means of suitable reflector and director ele
ments, the electromagnetic radiations are directed 
and concentrated (beamed) to produce a radiation 
pattern of the desired form. Also by phasing, or 
feeding two or more antenna elements in varying 
degrees of phase with respect to each other, the 
fields produced around each element can be made 
to reinforce or to cancel each other. The reinforc
ing or canceling is done in such a manner that 
the individual fields combine vectorially to pro
duce a radiation field of maximum intensity along 
the desired paths in either or both horizontal and 
vertical planes.

Where a narrow and intense beam of energy is 
required, as in tracking radar applications, para
bolic reflectors or combinations of reflector and 
director elements may be used to form the beam. 
The beam is formed in much the same manner 
that the reflector and lens in a “bulls-eye” lamp 
or focusing flashlight shape li e beam of light.

Basically, any antenna is a conductor or system 
of conductors used to radiate or receive energy in 
the form of electromagnetic waves. The height of

the radiating element above ground, the conduc
tivity of the earth below it, the wavelength of the 
radio propagation, and the shape and dimensions 
of the antenna all nITcct the pattern of the field 
radiated into space. By controlling these factors, 
it is possible to produce the desired radiation pat
tern.

If directing the radiation from a source of light 
in one general direction is desired, a reflecting 
surface behind the source directs all the rays 
toward the object to be illuminated. The rays 
which normally would follow paths in directions 
away from the object to be illuminated are re
flected back toward the object and reinforce the 
rays normally traveling toward it.

If the object is small, or a maximum intensity 
of illumination on a specific point is desired, a 
greater number of omnidirectional rays can be 
concentrated on the desired point by using a 
curved reflector which would cause the light rays 
to converge at the desired point. A reflector of 
specific curvature located at a fixed distance from 
a source causes the light rays to converge at a 
given point along its principal axis.

If it should be undesirable or impractical to 
vary either the source or the reflector, a movable 
lens may be employed between the object and the 
source to focus the reflected beams, as illustrated 
in figure 4-43.

The foregoing effects are obtained with either 
light or high-frequency electromagnetic waves by

PARABO LIC  REFLECTOR 
W tTH SO U RC E  AT 

FO CAL PO INT

Figure 4-43.

PARABOLIC  REFLECTOR 
WJTH SO U RC E  CLOSER  

THAN  F O C A L  PO INT 
(D IV ER G IN G  LENS EFFECT)

PARABO LIC  REFLECTOR 
W ITH  SOU RCE BEYO ND  

F O C A L  PO INT
(C O N V E R G IN G  LEN5 EFf ECT)

Reflecting Beam Focused by Employing Movable Lens
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-COUicTING
ELECTRODE

the use of parabolic reflectors. Parasitic (attached) 
reflectors and directors may be used to cause 
divergence or convergence of electromagnetic 
waves, serving as forms of electron lenses.

ELECTRONIC AND OPTICAL 
PRINCIPLES OP CAMERA TUBES

A good example of a device that employs both 
optical and electronic principles is a television- 
camera tube, used to pick up the scene to be 
transmitted. Several types of camera tubes are in 
use, and while they vary in mechanical details, 
their principles of operation are basically the same.

First consider the ‘‘Iconoscope,” a camera tube 
widely used today. The “Iconoscope” consists of 
a glass envelope shaped somewhat like a saucepan 
with an enlarged handle. The side of the envelope 
corresponding to the top of the pan is a trans
parent window through which the image of the 
object is permitted to fall upon a screen or mosaic, 
composed of thousands of photosensitive globules. 
An electron gun similar to that of the common 
cathode-ray tube is used to project a beam of 
electrons over the mosaic.

This beam, known as a scanning beam, removes 
the charge from each section or globule of the 
mosaic in a tixed sequence. And in so doing, it 
produces discharge currents in proportion to the 
quantity of light received upon each section of 
the mosaic. These currents serve to amplitude

modulate the transmitter and develop the picture 
intelligence in the television system.

The illustration, in figure 4-44, of the “Icono
scope” shows some of the associated components 
used to convert variations in intensity of the light 
reflected from the object being televised into 
variable currents.

The object or scene being televised is focused 
on the photosensitive mosaic which contains the 
thousands of minute globules. The globules are 
electrically insulated from each other.

The photosensitive screen consists of a thin 
sheet of mica. On one side of the mica sheet are 
the globules made up of a light-sensitive com
pound of silver and cesium, On the reverse side 
of the mica sheet is a thin metal coating that 
serves as a collecting electrode. Each light-sensi
tive globule is effectively one electrode of a tiny 
capacitor, while the metal coating on the back 
of the mica sheet serves as a common electrode 
for all the globules. The mosaic comprises many 
tiny capacitors all having one common electrode, 
and when the optical image is focused upon it, the 
reflected rays strike the tiny photocells, causing 
them to lose electrons through secondary emis
sion. The number of electrons lost by each tiny 
element is proportional to the intensity of the 
light ray which strikes it. These released electrons 
are drawn to a collector ring (graphite coating) 
on the inner surface of the tube. The globules

4-41



AFM 52-31 1 July 1972

from which they were released now have a posi
tive charge with respect to the backplate or 
collecting electrode of the mosaic.

The portion*- of the mosaic which arc most 
brilliantly illuminated emit the greatest number 
of electrons and have the highest positive charge.

After exposure, the mosaic is scanned section- 
ally in a regular sequence by a magnetically de
flected beam of electrons from the electron gun. 
This scanning beam neutralizes each element of 
the mosaic and causes current to flow through the 
collector load resistor (“R” in the illustration) 
in an amount proportionate to the positive charge 
existing on each element struck by the scanning 
beam.

The voltage pulse developed across the resistor 
represents the video signal and is amplified to a 
suitable level for modulation of the transmitter’s 
carrier wave. The picture intelligence is trans
mitted to the receiver in the form of an amplitude- 
modulated carrier.

The receiver employs a conventional amplifying 
and demodulation system to separate the intelli
gence from the carrier. This separation is in the 
form of a varying voltage which is applied to the 
signal grid (control grid) of the cathode-ray-type 
picture lube or kinescope, on the screen of which 
the image is reproduced.

A scene is transformed from variations in light 
to variations in current and back to variations in 
light again by means of combined optical and 
electronic processes. In this manner, a scene may 
be transmitted a long distance.

An optical system controls radiant energy by 
means of mirrors, reflectors, prisms, and lenses so 
that the radiant energy may be converted into a 
form suitable to the requirement of the applica
tion; an antenna system also controls electro
magnetic radiations in part by means of reflectors 
and lenses (directors). When you study the 
control and navigation systems of missiles, you 
will find this information helpful toward a clear 
understanding of the systems.

SECHON c  

Solid Sfafe Devices

Since the invention of the transistor in 1948, 
semiconductor devices have been developed and

improved at an unbelievable rate. Solid state 
devices made from semiconductor materials offer 
compactness, efficiency, and versatility, hereto
fore unattainable. These devices have invaded 
virtually every held of science and industry and 
are being used in increasing numbers for com
munications and aerospace applications.

As its name implies, this solid state material 
is classed neither as a good conductor nor as a 
good insulator. Although it bears physical likeness 
to both, its electrical characteristics are unique, 
fn the span of a few years, its development has 
contributed much to the demands of the ever 
advancing electronic world.

PHYSICS OF TRANSISTORS
Before the operation of a transistor can be 

understood, the semiconducting material must 
first be examined.

A semiconductor, as stated before, is neither a 
good conductor nor a good insulator. Germanium 
and silicon, which are used in most semicon
ductors, are substances that fall into this category.

To understand the theory of the transistor it 
will be helpful to consider briefly the structures 
of atoms and crystals. All matter is composed 
of one or more dements, and each element is com
posed of atoms. The atom is composed of the 
smallest units of matter called electrons, protons, 
and neutrons. Electrons possess a negative charge. 
Protons possess an equivalent positive charge and 
are more than 1800 times heavier than the 
electron. The neutron possesses no charge and 
has the same mass as the proton.

The atom, which is the smallest subdivision of 
an clement possessing all the properties of the 
element, is composed of a nucleus or core of pro
tons and neutrons around which the lighter elec
trons revolve. In the normal atom there are as 
many electrons (negative charges) outside the 
nucleus as there are protons (positive charges) 
within the nucleus. The atom is balanced, or 
electrically neutral.

Atoms of one chemical element differ from 
those of another element only in the number of 
electrons, protons, and neutrons in their structure. 
With reference to transistors, we will consider only 
a few elements. These elements are germanium, 
silicon, antimony, arsenic, aluminum, gallium, 
indium, and thallium.
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The study of atomic structure has shown that a 
large portion of the electrons around the nucleus 
are tightly bound to it and dp not enter into 
chemical reactions or transistor physics. The nu
cleus and the tightly bound electrons comprise an 
inert core with a net positive charge around which 
the less tightly bound electrons revolve.

In transistor physics, you are concerned with 
the net charge on the core and the electrons sur
rounding the nucleus. For example, each atom of 
germanium has 32 protons in its nucleus and 28 
tightly bound electrons around it; thus the atoms 
of germanium can be represented by a core with 
a net charge of 4-4 surrounded by four electrons. 
Each atom of silicon, which has 14 protons in its 
nucleus and 10 tightly bound electrons around it, 
is represented in the same manner as an atom of 
germanium, as shown in figure 4-45.

F/gore 4-45. Atomic Structure of Germ anium  or
Silicon

Pure germanium can not be used in producing 
transistors because germanium acquires the prop
erties of rectification and amplification of current 
through the presence of impurities in the crystals. 
One type of impurity is known as donor and 
another type is called acceptor. They have these 
names because of the manner in which they affect 
the electron movement within the transistor.

Antimony and arsenic become donors when

Figure 4-46. Atomic Structure of Antimony or 
Arsenic (Donors)

they join the crystal structure of germanium. The 
net charge on the cores of antimony and arsenic 
atoms is 4-5. Each atom has five electrons sur
rounding its core, as shown in figure 4-46.

Aluminum, gallium, indium, and thallium be
come acceptors when they join the crystal struc
ture of germanium. The net charge on the cores 
of their atoms is 4-3, and each of their atoms has 
three electrons surrounding its core. The atomic 
structure of these acceptors is pictured in figure 
4-47.

Figure 4-47. Atom/c Strudore o f Aluminum, 
Gallium, indium, or Thallium (Acceptors)

Figure 4-48 compares the atomic conditions 
existing in a pure germanium crystal with those 
existing in crystals containing donor and acceptor 
impurities.

In the pure crystal each atom has four neigh
bors which are equidistant from each other. Be
tween the cores of the atoms and each of their 
neighbors are two electrons. These paired elec
trons form electron-pair bonds which come into 
existence when two or more atoms approach each 
other. Since the electrons arc in constant motion 
around the core, these electron-pair bonds are 
formed when the movement of an electron from 
one atom becomes coordinated with the movement 
of an electron from another atom.

This coordination tends to attract the cores 
toward each other, but the cores’ positive charges 
repel each other until they attain a perfect balance 
of attraction and repulsion. The atoms are then 
said to be in a condition of equilibrium.

As previously mentioned, pure germanium crys
tals can not be used as transistors. This condition 
exists because the atoms of the crystals would be 
in a state of equilibrium, in which form they con
stitute good insulators with a dielectric constant 
of approximately 16,
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ELECTRON-PAIRED B O N D S  PRESENCE O F D O N O R  IN  PRESENCE O F  ACCEPTO R
IN  G E R M A N IU M  CRYSTAL A  G E R M A N IU M  CRYSTAL IN  A  G E R M A N IU M  CRY5TA I

Figure 4-48. Atomic Conditions in Germanium CryjfaJ*

Effects af Donor Atoms on Germanium Crystals

When a donor atom (antimony or arsenic) 
joins the crystal structure of germanium, the atom 
must lose one of the five electrons surrounding 
its core because only four of its electrons can form 
electron-pair bonds with the electrons of its neigh
boring germanium atoms. The excess electron is 
free to move through the relatively wide spaces 
between the cores. It moves through the crystal 
as though it were in a vacuum.

If a battery were placed across the crystal, the 
electron would move toward its positive terminal 
and enter the battery at that point. Simultaneously, 
an electron would leave the negative terminal of 
the battery and enter the crystal. A continuous 
electron flow through the crystal would take place, 
but the cores of the germanium and donor atoms 
would remain undisturbed.

Germanium crystals containing donor impuri
ties are known as N-type germanium.

The designation “N” results from the fact that 
conduction through the crystal is mainly a con
duction of negative charges in the form of excess 
electrons from the donor atoms. It is this action 
which led to the term donor being applied to the 
element which when joined to the crystal struc
ture of germanium gives off an excess electron.

Effects of Acceptor Atoms of 
Germanium Crystals

When an acceptor atom (aluminum, gallium, 
indium, or thallium) joins the crystal structure of

germanium, it docs so by accepting an electron 
from one of its neighboring germanium atoms. 
Atoms of acceptors have three electrons surround
ing each of their cores, while the cores of ger
manium atoms have four electrons surrounding 
them. When this new electron-pair bond is formed, 
a hole is created in another electron-pair bond. 
This hole possesses the equivalent charge of an 
electron, but it is a positive charge.

Experiments have shown that the hole is free 
to move throughout the crystal structure. Conduc
tion of current can take ■ place through a ger
manium crystal containing an acceptor as readily 
as through one containing a donor. However, the 
conduction process is different.

If a battery were placed across this crystal, the 
hole would be attracted toward the negative ter
minal of the battery and an electron from this 
terminal would enter the crystal and fill the hole.

Simultaneously, an electron from one of the 
electron-pair bonds in the crystal and near the 
positive terminal of the battery would separate 
from its bond and enter the battery, creating 
another hole in the crystal. This action would 
repeat and maintain a continuous flow of current 
through the crystal.

Germanium crystals containing acceptor im
purities are know as P-type germanium, the term 
“ P” being derived from the fact that in such crys
tals the conduction through the crystal is mainly a 
conduction of positive charges (holes).

A hole can be defined as an incomplete group 
of electrons whose general properties are similar
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to those of an electron except that it carries a 
positive charge instead of a negative one.

An acceptor is defined as an clement which 
when it joins the crystal structure of germanium, 
produces a hole or excess positive charge within 
the crystal.

PN-TYPE JUNCTION TRANSISTORS

Germanium crystals are good conductors and 
can conduct current equally well in either direc
tion. Rectification with a germanium crystal oc
curs if P-type germanium and N-type germanium 
are placed side by side. The plane at which the. 
two types of germanium meet is called a PN junc
tion. and the action which occurs at the junctions 
constitutes the basic action of transistor operation.

Figure 4-49 illustrates a PN-type junction in a

Q  ACCEPTORS 

+  H O I K

©  D O N O R S  

-  ELECTRONS 
(EXCESS)

Figure 4-49. PN Junction in Condition of 
Equilibrium

state of equilibrium. Notice that the holes concen
trate to the right of the P-type germanium atoms 
and the excess electrons concentrate to the right 
of the N-type germanium atoms. This phenome
non results from the distribution of electrostatic 
potential produced by the acceptor and donor 
atoms as illustrated in figure 4-50.

p N

©+©_©+ ©_©_©_
©♦©A ©_©_©_

H IGH
ELECTROSTATIC

POTENTIAL

LO W
ELECTROSTATIC

POTENTIAL

Figure 4-50. Electrostatic Potential

The electrons remain in the region of highest 
electrostatic potential, and the holes remain In the 
region of lowest electrostatic potential. When an

electron is in the region of highest electrostatic 
potential, its potential energy is at a minimum as 
shown in figure 4-51. Since potential energy means

Figure 4-51. Potential Energy of Electrons

ability to do work and since the electron cannot 
move to do work after it reaches the point of 
highest electrostatic potential, it becomes apparent 
that the electron is in a region of low-potential 
energy.

Remember the preceding statement because 
potential energy diagrams are used often in illus
trating transistor behavior.

The same statement can be applied with refer
ence to holes. When the hole is in a region of 
lowest electrostatic potential (that is, low negative 
potential), its potential energy is at a minimum 
as illustrated in figure 4-52.

p N

+ + + + + + y

Figure 4-52. Potential Energy of Hole*

Holes and electrons flow into regions of low- 
potential energy only. A low-potential-energy 
region for an electron is a high-potential-energy 
region for a hole, and vice versa.

PN Junction with Reverse Dias

If you connected a battery across a PN ger
manium crystal as shown in figure 4-53, there 
would be no conduction of current through the 
crystal. Such a connection is called reverse bias.

This condition occurs when the positive ter
minal of the battery is connected to the N-type 
germanium and the negative terminal is connected 
to the P-type germanium.
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ATTRACT ION  O F  HOLES ATTRACT ION  O F ELECTRONS
TO  N E G A T IV E  TERM INALS TO  POSITIVE TERM INAL

p N

! 0 _ ©  ©
•4*

© 0  0 -

; © ' © © ©  © 0 :

Figure 4-56. Potential Energy of Electrons, (Hill has 
been increased due to reverse bias)

Figure 4-53. PN Junction with Reverse Bias

The positive terminal of the battery attracts the 
electrons and causes them to concentrate farther 
to the right than when the junction is in a condi
tion of equilibrium. The negative terminal of the 
battery attracts the holes and causes them to 
concentrate farther to the left than when the 
junction is in a condition of equilibrium. As a 
result of these attractions, there is no flow of elec
trons to the left and no flow of holes to the right.

HIGH
ELECTROSTATIC

POTENTIAL

LO W
ELECTROSTATIC 

POTEN IAL

Figure 4-54. Electrostatic Potential Increased in PN 
Junction with Reverse Bias

The difference in electrostatic potential between 
the two types of germanium has been increased 
us shown in figure 4-54.

the electrons and prevents their flow as shown in 
figure 4-56.

PN Junction with Forward Bias

If you connected □ battery across a PN ger
manium crystal with the positive terminal con
nected to the P-type germanium and the negative 
terminal to the N-type germanium, current would 
flow in proportion to the applied voltage. This 
type of connection is known as forward bias.

As shown in figure 4-57, the positive terminal

Figure 4-57. PN Junction with forward Bias

P / a A , 1: . . I
+  +  +  4- -v /

figure 4-55. Potential Energy of Holst, (Hill has 
been increased dus to reverie bias)

The potential-energy hill for the holes has been 
increased. They will not flow up the steep hill. 
This condition is shown in figure 4-55. The same 
condition applies to the potential-energy hill for

of the battery repels the holes and causes them 
to move toward N-type germanium. Some of the 
holes enter the N area.

The negative terminal of the battery repels the 
electrons and causes them to move toward the 
P-type germanium. And, in this case, some elec
trons enter the P area.

Electrons and holes combine in a small area of 
diffusion on either side of the PN junction (be
tween the dotted lines in the diagram). For each 
hole in the P region that combines with an elec
tron from the N region, an electron from an
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Figuto 4-58. Poiontiet Energy Conditions Existing 
undos Application of Forward 6in*

elect ran-pair bond in the crystal near the positive 
terminal of the battery enters the battery at the 
positive term inal. This action creates a new hole 
which moves toward the N-type germanium. For 
each electron that combines w ith a hole in the 
N-type germ anium , an electron enters the crystal 
from the negative term inal of the b a tte r/. The cur
rent How in the P region is m a in ly  a How of holes, 
while that in the N region is  m ainly a flow of 
electrons. The potential-energy conditions existing 
under the application of the forw ard bias are 
shown in figure 4*58.

The currents that flow through the crystal arc 
shown in figure 4-59. T he total current, IT, is con
stant: current by holes, Ip, is shown by the solid

Figure 4-59. Current Flow through Crystal under 
Application of Forward Has

line; and current by electrons, I«, is shown by the 
dashed line.

From  the above theory, you can understand 
m ore fully the process of rectification in ger
m anium  crystals; you cart better understand how 
the crystal acts as a low resistance when forward 
bias ( +  to P, -  to N ) is applied, and how h acts 
n  a high resistance when reverse bias ( -  to P. 
+  to  N ) is applied. These phenom ena constitute 
the basic principles of transistor operation.

Transistors, as presently developed, fall into 
two general classifications: junction transistors 
and point-contact transistors. Junction transistors 
are presented first.

NPN AND PNP JUNCTION TRANSISTORS

The NPN transistor is constructed by placing 
a narrow  strip of P-type germanium between two 
relatively long strips of N-typc germanium. As 
the letters indicate, the PN P transistor consists of 
3 narrow  strip o f N-type germanium between two 
relatively long strips of P-type germanium.

N P N  Junction T ransistors

A n NPN junction transistor is pictured in figure 
4-60. In this type, large surface contacts (low-

ffgurt 4-tSO. NPN  Junction Tj-onsiiior

resistance) are m ade to  each strip, The N-type 
germ anium , as shown at the left, is called the 
em itter, e. The N*type strip, shown at the right, 
is called the collector, c The P-type section in the 
center is called the base, b

Figure 4-61 shows the distribution of the do*

© © 0 O 0  © © © o
© © © ©+©+© © © ©
© © © G O © 0  0  ©
Figurm 4-61, NPN  Junction Transistor in Slate of 

Equilibrium
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nors, acceptors, holes, and electrons in an NPN 
junction transistor under equilibrium  conditions 
(no external voltages app lied ). The potential 
energy in this type of transistor is represented in 
figure 4-62. Figure 4-63 shows the potential 
energy region of the electrons.

• ‘l, :

A & iiM

■ !vv‘- w •» • •• ?v.

POTENTIAL ENERGY OF HOLE

Figure 4-62. Potential Energy of Holes in NPN  
Junction Transistor

/ '  \
• *■”: . '•'V,

FOTENTIAL ENERGY Of ELECTRON

figure 4-63. Potential Energy of Electrons in NPN  
Junction Tranrutor

The holes are concentrated in the region of 
lowest potential energy for them. They cannot 
climb the potential-energy hills to the right or left. 
The electrons are concentrated in the region of 
lowest potential energy for them  and cannot climb 
the potential-eiiergy hills to enter the P-type ger
manium. No current flows.

In practical applications, the N PN  junction 
transistor norm ally i$ biased in the m anner shown 
in figure 4-64. T he PN junction between the

Figure 4-64. NPN  Junction Tronjlrfor Operating 
Circuit

em itter, e , and the base, b , is biased in the forward 
direction. The PN junction between the collector, 
c, and the base, b, is biased in the reverse direc
tion.

Figure 4-65 shows the potential energy condi-

f.
"$&&&? V

4-+ + + 

2

Figure 4-65. Potential Energy of an Electron 
(no signal)

lion for electrons, with no signal applied. In NPN 
transistors, the electrons are the m ajor current 
com ponents. Potential-energy diagram s for holes 
are not shown.

T he forw ard bias applied between the em itter 
and the base reduces the potential-energy hill at 
the left-hand PN junction. Some electrons climb 
this hill and enter the P-type germanium. Since 
the base strip is relatively thin, m ost of the elec
trons which en ter it will not com bine with holes. 
Instead they pass through the strip and readily 
go down the potential-energy slope at the right 
PN  junction, as shown by the arrow  in figure 4-65.

T he steep potential-energy slope which permits 
easy entrance of the electrons from  the base strip 
to the N-type germ anium  of the collector is pro
duced by the application of reverse bias between 
the collector and the base.

W hen a signal is applied which opposes the 
forw ard bias on the em itter (m akes base more 
negative with respect to em itter), the potential- 
energy hill between the em itter and the base is 
increased, and fewer electrons climb the hill to 
enter the P-type germanium. This condition is 
illustrated in figure 4-66. The electrons which do

Figure 4-66. Signal Applied to NPN  Transistor 
Afaking Base More Negative with ffojpect to Emitter
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enter the P-type germ anium  do not recombine 
with holes but fall into the collector region of low 
potential energy.

When the polarity of the applied signal aids the 
forward bias (m akes base m ore positive with 
respect to em itte r), the potential-energy hill be
tween the em itter and the base is decreased, and 
more electrons flow into the P-type region. M ost 
of these electrons do not com bine w ith holes but 
flow readily to the low potential-energy level of 
the N-type germ anium  of the collector. This con
dition is dem onstrated in figure 4-67.

Figaro 4-67. Signal Appliod to N P N  Transistor 
Making Ben* Moro Positive w Ith Rasped to Emittor

between tw o relatively long strips of P-type ger
m anium . Large surface contacts (low-resistance) 
are m ade to each strip. The contacts are desig
nated b, c , and  e, representing the base, collector, 
and em itter, respectively, as in the case of the 
N PN  transistor. This is illustrated in figure 4-68.

Figaro 4-68. PNP Junction Transistor

T h e  operation of the PN P junction transistor is 
analoguous to th a t of the NPN except that the 
hole constitutes the m ain current com ponent in
stead of the electron. P ictured in figure 4-69 Is the 
PN P transistor in a state of equ ilib rium ..

You can com pare the operation of the N P 
junction transistor to the operation of the triode 
vacuum tube. The em itter is equivalent to the 
cathode, the base to the grid, and the collector to 
the plate. Practically all of the electrons which 
emerge from  the em itter (cathode) go to the 
collector (p la te ) . The base (g rid ) curren t is mi
nute and consists only of a small num ber of elec
trons which represent the recom bination num ber 
of holes and electrons in the P-type region.

Tw o types o f curren t are present in the vacuum 
lube, and two types of current are involved in the 
transistor. T he therm ionic electrons (those em it
ted from the cathode) of the tube are equivalent 
to the excess electrons from  the em itter.

The m inute conduction current of electrons 
(those which flow in and out of the grid to con
trol plate cu rren t) is equivalent to the small cu r
rent of holes in the base regipn (which varies to 
control collector cu rren t). •

PNP Junction Transistors

As stated before, the P N P  junction  transistor 
consists of a narrow  strip  of N -type germanium

Figaro 4-69.

@  DONORS

§
 ACCEPTORS 

HOLES

0  ELECTRONS

PNP Junction Transistor in Stato of 
Equilibrium

The excess electron is the key factor in the 
operation  of the PN P junction transistor, bu t the 
hole is the m ain  curren t com ponent. Basic con
ditions determ ining the potential energy of the 
holes are shown in figures 4-70 and 4-71.

■ /
N \  .

f V + -h / 1 -  * *

f igurm 4-70. Potontial Energy of Hotos
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L - j
figure 4*71. Potential Energy of Electrons

Figures 4-72 through 4-75 illustrate the con
ditions of operation for the PN P junction transis
tor in the same m anner that the earlier figures 
illustrated the conditions of the NPN transistor.

T o  bias the PN junction between the emitter 
ami the base of the PNP transistor in the forward 
direction, the om ilier is m ade positive with respect 
to the base. To bias the collector in the reverse 
direction, the collector is made negative with 
respect to  ihe base.

T he em itter, base, arid collector connections to 
the crystal are low-resistance (large-area) con
nections in a junction transistor, in  this respect, 
junction transistors differ from point-contact 
transistors, except with regard to the base connec
tion.

Figure 4-72- PNP Junction Tramijtor Operating 
Circuit

figure 4-73. PNP Tioosistot (nc tignol)

figure 4-74. PNP Tromrifor with Signal Applied, 
meting B a t *  mere Positive wrlfi Respect to Emitter

figure 4.75, PNP Tfanrittor with Signal A p p lie d ,  
mating Soj* More Negative with Reipecf to Emitter

POINT-CONTACT TRANSISTORS

In a poim -contaet transistor, the emitter and 
collector connections to the crystal are point- 
contact (relatively high-resistance, sm all-area) 
connections. Figure 4-76 illustrates a cutaway

EM1TTE* CQILECIO#

( \L
N. or P-TYPE - OEUMANi; W CBTSTai

3
BASE

figure 4-76. Point-Contact Tranjistor

view o f this type of transistor. You can see that 
the base connection is a large-are a, low-resislaace
connection.

As already explained, the em itter current is 
slightly larger than the collector current in a 
junction transistor, and the b3se current is ex
trem ely small. In a point-contact transistor, the 
collector current (un-tike that of the junction 
transistor) is substantially larger than the emitter 
current and the base current is relatively targe.

These differences between the junction transis
tor and the point-contact transistor arc explained 
in the following paragraphs.

Although the point-contact transistor employs 
what is considered to be either an N-type ger
m anium  crystal or a P-type germanium only, actu
ally in the N-type point-contact transistor, P-typc 
layers occur and in the P-type point-contact tran
sistors, N-type layers occur.
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Figurm 4-77. Construction o f N-Type Point-Contact
Transistor

N-Typ* Point-Contact Transistors

The illustration of an N-type point-contact 
transistor, in figure 4-77, shows that under the 
emitter point there is a thin layer of N-type ger
manium, Ns, followed by a thin layer of P-type 
germanium, P*.

You can see in this drawing that the emitter- 
base section is biased in the forward direction. 
Current flow, consisting mainly of holes in the Pi
ty pe germanium and of electrons in the Ni-type 
germanium, will occur. Under these conditions, 
an increase in emitter current causes a large in
crease in collector current, and a decrease in emit
ter current causes a large decrease in collector 
current.

To help understand the current amplification of 
a point-contact transistor, consider the collector- 
base circuit of the transistor. An enlarged view of 
the collector-base circuit is illustrated in figure
4-78.

<
+ + + 

Pa

+ + +

* * ni
, _ ' - *, •* ••

Figure 4-78. Cof/ecfor-Bcne Circuit o f N-Type Point- 
Contact Transistor

The potential energy of electrons in the crystal 
portion of this circuit is shown in figure 4-79. 
Under steady-state conditions (no signal applied), 
few electrons climb the potential-energy hill be
tween Ns and Pa. Those that do climb the hill do

Figure 4-79. Potential Energy o f Electrons Without 
Holes from Emitter

not combine with the hole in the P* region because 
it is a thin region. Instead, these electrons fall 
quickly down the poteotial-energy hill between 
P2 and Nf.

When the emitter-base region conducts, some 
of the holes which leave the Ni region of the 
emitter drift into the Pa region of the collector. 
With holes in the P2 region from the emitter, the 
potential-energy diagram for electrons between 
the collector and base conforms to that shown in 
figure 4-80.

Figure 4-80. Potential Energy o f Electrons With 
Hols* from Emitter

Note that the potential-energy hill between N* 
and Pa has been substantially reduced, and elec
trons in the N2 region can climb readily into the 
Pa region.

Most of these electrons, instead of combining 
with holes in this region, fall rapidly into the Ni 
base region. For every hole that enters the P> 
region from the Nt region, many electrons flow 
from the N2 region through the P* region down 
into the Ni region. It is evident that large amplifi
cation of current results.

This amplification of current is expressed as 
a  (alpha) and is equivalent to the voltage ampli
fication factor of a vacuum tube (p ) . Mathemati
cally,
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A a

O F H O LES  W ITHOUT 
ELECTRO N S FRO M  

EMITTER 
C

O P  H O LES WITH 
ELECTRONS FRO M  

EMITTER 
D

Figure 4-81. P-Typm Point-Contact Transistor

where Ale is a small change in collector current, 
and AI« a small change in emitter current.

P-Type Point-Contact Transistor*

Point-contact transistors have been made with 
P-type germanium as the main body. The theory 
of the operation of this type of transistor is simi
lar to that of the operation of the N-type. The 
difference is that the main current-carrier con
sists of holes instead of electrons.

By studying the P-type point-contact transistor

Tabfo 4-3. Comparison o f Vacuum Tub* and Point- 
Contact Transistor

V A C U U M

TUBE

P O IN T  C O N T A C T  

TRAN SISTO R

Cathode Bote

Grid Emitter

Plat* Cot1*€HX

Voltage amp Current omp

it =  4  E , M  E, «  =  A I . / A  I.

High Input Impedance High ovtpwt imp#done*

■ r

Be t.

»« E*

f t 1.

Corutanl f  lupply Comtont 1 lupply

C op cc ilp iK l Inductance

Large fa iixv Small in  site

H igh power coruumpttoa low  power roruumptlon

Fragile to ihock Rv9«#d

Reverie b ia i Forward k i »

illustrated in figure 4-81 and reviewing the pre
ceding paragraphs, you can understand the opera
tion of the P-type point-contact transistor. Note 
that the polarities for the emitter with respect to 
the base and the collector are changed.

Comparison of Point-Contact Transistor 
to Triad* Vacuum Tube

The operation of a point-contact transistor can 
be compared to the operation of a triode vacuum 
tube. The emitter is equivalent to the grid, the 
base to the cathode, and the collector to the plate. 
The base current of the transistor is relatively

Tablm 4-4. Compor/jon of Vacuum Tube and 
Junction Transistor

V A C U U M JU N C T IO N

TUBE TRANSI5TO R

Colhode Cmittor

Plot* Collector

G rid Ba ie

m  =  a  e , M  e , A  =  A I , / i  1,

V o h ag e  amp Current amp

H igh input Impedance 

(grounded cathode)

H igh Input Impedance 

(grounded emitter)

tow output impwdanc* low  output Impedance

H igh power tOntomptlon low  power cantumption

Fragile Rugged

la rg e  fa site Small fa flee
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large, and the major portion of it goes to the 
collector. Unlike the grid of a vacuum tube, the
emitter draws a continuous current.%

In the point-contact transistor, the input (emit
ter) impedance is low and the output (collector) 
impedance is high. In a vacuum tube the input 
(grid) impedance is high and the output (plate) 
impedance is low. A comparison of point-contact 
type transistors and vacuum tubes is made in table
4-3.

A junction-type transistor has already been 
compared to a vacuum tube. This comparison is 
given in table 4-4.

BIAS VOLTAGES

1

A. N-TYPE PO IN T -C O N TAC T  TRANSISTOR

S. P-TYPE-CONTACT TRANSISTOR

In a vacuum tube the grid is usually biased by 
means of a voltage which is negative with respect 
to die cathode, In the case of transistors, the col
lector may be positive or negative with respect to 
the base, and the emitter may be positive or nega
tive with respect to the base. Figure 4-82 illus
trates the bias polarities required for the various 
types of transistors.

C. PNP  JU N CT IO N  TRANSISTOR

sistor is an NPN or PNP junction type, or a P or 
N point-contact type. ± T ~ f

• a •* v;. ’

If you remember that the Nrtype point-contact -rT y. Vri.; jXACV- ■ 4

actually a PNP-type transistor and the P-type 
transistor is an NPN transistor, bias polarities 
can be remembered easily by the following simple 
rule:

'T he emitter is biased in a forward direction 
with respect to the base, and the collector is 
biased in the reverse direction with respect to 
the base, in any transistor.”

Since the transistor was developed, many im
provements in techniques have been made. Also 
many special adaptations of semiconductors have 
been developed and transistors arc used as recti
fiers, amplifiers, oscillators, multivibrators, saw
tooth generators, etc.

NEW TECHNIQUES

The field of electronics seems to change almost 
daily. Processes that were unheard of a few years 
ago, even in the laboratory, are now commonplace. 
Since your job in the missile field may involve

I

TL
D. N P N  JU N C T IO N  TRANSISTOR

figure 4-82. Bioa Poiarities

some of these processes, a few of them are dis
cussed, The presentation is limited to three im
portant areas of solid state electronics— the laser, 
the printed circuit, and the integrated circuit.

Laser

One of the fastest growing techniques in the 
electronic field today is the laser. "Laser" comes 
from Light Amplification by Simulated Emission 
of Radiation. Atoms exist in more than one energy 
state. In a laser, atoms are brought up to a high 
energy level and then the energy is suddenly re
leased. The sudden release of energy results in a 
beam of light having a very precise frequency. In 
addition, the beam is coherent because all the 
energy is sent out in the same phase.
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Because the laser light is coherent, it has a very 
high concentration of energy. By using lenses, the 
light can be concentrated to a very small spot 
of light. This concentrated beam can be used in a 
number of ways. It will machine small holes in 
diamonds for drawing extremely fine (0.0001 in. 
diameter and smaller) wires. In other applications 
this energy is used to cut steel, brick, and other 
hard materials. In the medical field the laser can 
be used to perform “bloodless” surgery and to 
“weld” detached retinas in the eyes.

Another big use for the laser is in the field of 
communications. Large amounts of information 
can be carried over a long distance on a laser 
beam. To get a small idea of this application, 
imagine all of the long distance telephone traffic 
in the United States plus four or five television 
channels being transmitted on one laser beam.

More detailed information about the laser is 
presented in a later chapter of this manual.

Printed Circuits

Transistors arc used extensively with printed 
circuits. One thing that has made extensive auto
mation possible is the printed circuit. The mech
anization of electronics was deterred by the maze 
of wires and components commonly characteris
tic ol the point-to-point wiring used in electron 
tube circuits. In a printed circuit, connections arc 
made without wires. At the present time, plated 
circuits, etched circuits, ceramic-based printed 
circuits, and transfer plating arc used. These are 
only a few of the many different methods of ap
plying metals to insulators to make printed cir
cuits.

The two types of board generally used for con
struction of printed boards are laminated plastics 
and fiberglass. Copper foil approximately 0.002 
inch in thickness is laminated to the plastic or 
fiberglass sheet when the sheet is originally made.

The first step is to produce a master drawing. 
This is photographed to obtain a negative the 
proper size for the circuit. The negative is used 
to produce a silk screen stencil. Ink is forced 
through the stencil onto the copper foil. The 
board is then placed in an etching reagent to 
chemically remove all the copper except that cov
ered by the ink. After etching, the board is rinsed 
to remove all the acid and a solvent is used to 
remove the ink.
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The final process involves placing the necessary 
holes, notches, or slots in the circuit for attaching 
components such as transistors, capacitors, resis
tors, etc. Remember, this is only one method used 
to construct a printed circuit.

Integrated Circuits

The last new technique presented here is the 
integrated circuit. This text does not explain any 
one particular integrated circuit because each one 
is different. Integrated circuits are actually noth
ing more than normal circuits reduced in size and 
put on one small piece of material. In an inte
grated circuit any one particular component can
not be changed.

The making of integrated circuits involves 
many different processes. The circuit is first de
signed and drawn to devise the correct layout. 
After the layout is arranged, it is photographed. 
By the use of photographic and various methods 
of depositing materials on the base substance, an 
operating integrated circuit is built up. Leads are 
welded to the proper places in the circuit, and 
the whole assembly is encapsulated. After testing, 
the circuit is ready for use.

The design and manufacture of integrated cir
cuitry has been aimed at reducing the physical 
size of the complete assembly to the point where 
many of these assemblies can be placed on your 
thumbnail. These miniaturized circuits have revo
lutionized the design of small compact computers 
and other missile systems.

SECTION D

Modulation of Carrier Waves

Modulation is a process of impressing intelli
gence upon a carrier by altering its amplitude, 
frequency, or phase in accordance with the varia
tions of the speech or signal being transmitted. 
The carrier may be a direct current, an alternat
ing current, or a series of uniform pulses repeated 
at a constant rate. An unmodulated carrier in it
self conveys no intelligence except that the trans
mitter is in operation.

When some characteristic of the carrier is 
caused to vary as a function of the instantaneous
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value of ihe modulating signal, the receiver can 
detect the variation (demodulate the carrier) and 
translate it into an intelligible form.

If the carrier is in the form of an alternating 
current or wave, its frequency must be greater 
than the highest frequency present in the modu
lating signal to include all of the intelligence or 
variations present in the signal. If the carrier is 
in the form of a pulse chain, the repetition rate 
of the pulses must be at least double the highest 
frequency in the modulating signal.

The frequency of the modulating signal itself 
is not present in the carrier at any lime, but the 
intelligence produced by the modulation is pres
ent in new groups of radio frequencies (side
bands) above and below the unmodulated carrier 
frequency, or in changes in the time, position, or 
width of pulses in the pulse chain. These changes 
in the carrier vary in accordance with the in
stantaneous values of the modulating signal. Sev
eral types of modulation are illustrated in figure
4-83.

'Modulation methods can be classified broadly 
into five general categories:

1. Amplitude modulation.
2. Frequency modulation.
3. Phase modulation.
4. Pulse modulation,
5. Doppler principle.

AMPLITUDE MODULATION

The definition of the popular concept of ampli
tude modulation (AM) is “that process by which 
the amplitude of an RF carrier wave is varied at 
the audio rate of the modulating signal.” This 
definition has been accepted for many years, be
cause it easily describes the composite AM wave
form as viewed on an oscilloscope.

Amplitude modulation is more accurately de
fined as “a type of modulation that results when 
a modulating voltage is applied to a carrier volt
age.” It produces amplitude and frequency 
changes in the RF carrier. However, the canter 
itself Joes not change in amplitude or frequency 
during the process of amplitude modulation.

The typical amplitude-modulated carrier is il
lustrated in figure 4-84A and B. The amplitude 
of an amplitude-modulated wave is high during 
the positive peaks of the signal voltage, but it is

B. AMPLITUDE M O D U LA T ED  CARRIER

C. RESULT O F  C O M B IN IN G  5 IG N A L  A N D  CARRIER V O LT A G E  IN  

L INEAR N E T W O R K

Figaro 4-84. Basic Amplitude Modulation

near zero during the negative peaks. The shape 
of this wave is the result of applying the carrier 
and signal voltages to a nonlinear device. A non
linear device is one in which the current does not 
vary in direct proportion to the voltage.

Whenever two signals are impressed on a linear 
device (one in which the current does vary in 
direct proportion to the voltage), the output 
waveshape contains the same frequencies as the 
input and looks like the waveshape shown in fig-
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urc 4-84C. In this case* the RF amplifiers in the 
transmitter amplify the carrier but discriminate 
sharply against the modulating frequency. This 
causes only the carrier to be transmitted. Such an 
arrangement would defeat the purpose of modu-, 
Union, as the signal arriving at the receiver would 
not contain a modulation component at all.

When you impress the carrier and the modulat
ing signal frequencies on a nonlinear network, 
the output waveshape, shown in figure 4-84D, is 
produced. The network used in producing this 
waveshape is a vacuum tube biased to operate on 
the nonlinear portion of its characteristic curve 
(point P). The input signal at D is the result of 
simultaneously impressing the modulating signal 
and the carrier signal onto the input circuit. The 
instantaneous input voltage varies around the 
bias value, as indicated by the input signal. The 
distorted output voltage produces the distorted 
output waveshape. This latter is the waveshape 
which would be seen on an oscilloscope.

The output of a wave impressed on a nonlinear 
network contains both the carrier and the signal 
frequencies. As you can see in the output wave
shape shown in figure 4-84D, .the negative half- 
cycles are altered differently from the positive 
half-cycles. A sine wave altered in this manner is 
a combination of the fundamental, frequencies and 
additional frequencies caused by distortion. The 
distortion is introduced by the nonlinear resis
tance.

When a carrier frequency and a signal fre
quency are applied to a nonlinear device, the out

put wave contains the following:
♦ The carrier frequency,
♦ The upper side frequency, which is equal to 

the carrier plus the signal frequency.
•  The lower side frequency, which is equal to 

the carrier minus the signal frequency.
•  The signal frequency.
When an output wave containing these fre

quencies is present in a transmitter, the tuned 
circuits respond to the carrier, the upper side fre
quency, and the lower side frequency, but not to 
the modulating signal. The result of this fre
quency response is a composite waveshape, like 
the amplitude-modulated carrier shown in figure
4-84B.

Look at the composite AM waveform from a 
frequency spectrum standpoint. In figure 4-85, 
(1) represents the carriers; (2) the lower side
band (LSB );and (3) the upper sideband (USB). 
Assume the constant amplitude 100-kHz RF car
rier is modulated by a voice-frequency signal that 
is varying in frequency from 100 to 6000 Hz 
and is also changing in amplitude. The output of 
this device will contain difference frequencies 
ranging from 94 to 99.0 kHz (LSB) and sum 
frequencies ranging from 100.1 to 106 kHz 
(USB). Notice that each sideband has the same 
frequency separation from the carrier. They con
tain the same intelligence, which can be extracted 
from either sideband at the receiver.

These sideband frequencies are generated as a 
result of the mixing of the RF carrier and the 
modulating signal in a nonlinear device. The ra
diated signal consists of three frequency corn-

use 100.1*106 VHi

100-6000 Mi
M O D U LA T IN G  S IG N A L

N O N -L IN EA R
DEVICE CARRIER 100 kH z

M O DU LATO R

100 KC  CARRIER IS 0  94*99.9 kHx

■ o

wvww ©
Figure 4-85* Amplitude Modulation

4-57



AFM 52-31 1 July 1972

i
Figure 4-86. Composite A M  W aveform

ponents (carrier, USB, and LSB) of a definite 
amplitude and frequency relationship.

When you view the radiated signal on an oscil
loscope, you see a pattern referred to as a com
posite AM waveform. The outline of this pattern 
is called the modulation envelope. It will always 
resemble the original modulating signal if no dis
tortion is introduced. A 100-kHz carrier modu
lated by a 6 kH2 tone will appear as shown in 
figure 4-86. The composite AM waveform ap
pears to be a radiofrequency carrier varying in 
amplitude. This waveform is the pattern of the 
instantaneous frequency-voltage relationship of 
the carrier and the sideband frequencies, or the 
vector sum of their three frequency components. 
It can also be identified as the overall resultant 
signal voltage of the phase relationship of the 
three frequency components at one given instant. 
The carrier, upper sideband, and lower sideband 
power and frequency are distributed throughout 
this waveform. That is, there is as much carrier, 
upper sideband and lower sideband power and 
frequency, at point X as there is at points Y and Z.

Percentage of Modulation

The amplitude of the sideband generated is al
ways proportional to the amplitude of the audio 
or modulating signal. The amplitude of this mod
ulating signal also determines the percentage of 
modulation. This term is used to describe the 
power distribution of the carrier and the side
bands; it determines the usability of the trans
mitted signal. One hundred percent modulation 
takes place when the system is delivering maxi
mum undistorted power output. With less than 
100 per cent modulation, the intelligence in the 
envelope is weaker. With more than 100 percent

modulation, excessive distortion results. The per
centage of modulation, therefore, is quite im
portant. Just as sideband generation depends upon 
the audio or modulating signal, so also the per
centage of modulation depends upon this signal.

When two equal voltages of different frequen
cies are applied to a nonlinear device, the voltage 
at the output, or plate, of the stage varies from 
twice its normal value to zero, depending upon 
whether the two voltages are in phase or out of 
phase. Because of the frequency difference be
tween the two signals, it is impossible for them 
to be completely in or out of phase at all times. 
This explains the oscilloscope presentation of the 
composite AM waveform, where the carrier ap
pears to be varying at an audio rate. The gen
erated sidebands form a definite phase relation
ship with respect to the carrier. Once this rela
tionship is formed, it must be maintained all the 
way to the detector in the receiver. Otherwise,

w x z y to

10

B  3 0 %  M O D U LA T ED  A M  W A V E F O R M  
{U NDER  M ODULATED)

15

A  CARRIER VO LTAG E  
S M O D U LA T IN G  VO LTAG E

Figure 4-87. Percentage of Modulation
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severe distortion will occur; and in some cases, 
complete loss of carrier or signal intelligence will 
occur.

Figure 4-87 shows examples of modulated AM 
signals. Figure 4-87A represents a 100 percent 
modulated wave. Notice the section labeled “W” 
is of constant amplitude. This is the carrier be
fore it has been modulated. Since the carrier and 
modulating voltage are of equal amplitude, the 
carrier appears to increase in amplitude until at 
point X the amplitude of the composite wave
shape is twice the unmodulated carrier. At Z the 
amplitude has decreased to zero. After one and 
one-half cycles of the modulating signal, the car
rier is again unmodulated and of constant ampli
tude.

In figure 4-87B, the modulating voltage ampli
tude is Jess than that of the carrier. The com
posite waveshape does not increase as much as 
in the first example, nor does the amplitude ever 
drop to zero. Figure 4-87C shows a carrier mod
ulated by a signal of greater amplitude. The peak 
voltage is greater than twice the unmodulated 
carrier, while the output drops to zero at an earlier 
point than in example A and remains there for a 
period of time. The envelope in figure 4-87C 
docs not resemble the original modulating signal.

The percentage of modulation can be figured 
by using the following formula:

Percentage of modulation =  § -ntBX , g™'--tmix +  fcmln
X 100 ( l )

when Emu is the maximum voltage of the modu
lated wave and Emjn is the minimum voltage of 
the modulator wave.

Another way of finding the percentage of mod
ulation is this:

Percentage of modulation =  
peak amplitude of modulating voltage x  

peak amplitude of carrier voltage  ̂ '
Examples:

Find the percentage of modulation for the 
waveshape in figure 4-87 using both formulas 
where applicable.
♦ For those in figure 4-87A:

X 100 =
Emu +  Em|

X 100 =  100 percent

(1)

or

peak amplitude of modulating voltage x  ^  
peak amplitude of carrier voltage

=  ~  X 100 =  100 percent (2)

• For those in figure 4-87B:
Using formula (1).

M r f y  X 100 = -jfl- X  100 = 50 percent

Using formula (2).

X 100 =  50 percent

•  For those in figure 4-87C:
Formula (1) cannot be used for ovcrmodulalion 
(greater than 100 percent modulation).

Using formula (2),

X 100 — 150 percent

Power Distribution

In the composite AM waveform, there are two 
values of power to be considered— the carrier 
power and the peak power. Carrier power is the 
average power in the unmodulated carrier. This 
is point W in figure 4-87. Peak power is the power 
developed when the carrier and both sidebands 
are in phase. If the voltages are known, power in 
any of the components of the AM waveform can 
be calculated.

If you modulate a carrier 100 percent by a 
single sine wave of voltage of constant amplitude, 
the computadons are not too difficult. Assume 
the root mean square (RMS) voltage of the un
modulated carrier is 100 volts and that the radia
tion resistance is 50 ohms. The power in the 
unmodulated carrier can be found from the power 
formula,

P
Es _ ( 1 0 0 )3 _  10,000 
R 50 50 =  200 watts

Since the amplitude of the carrier remains con
stant, modulated or unmodulated, the power in 
the carrier is 200 watts at all rimes.

For 100 percent modulation, the modulating 
signal voltage is equal to the carrier voltage, in
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this case 100 volts. Then the RMS value of the 
sideband voltage is 50 volts. The power in either 
sideband can be found from the power formula,

P =  =  50 watts

The power in each sideband is one-fourth the 
power in the carrier at 100 percent modulation. 
The total sideband is 100 watts. With a carrier 
power of 200 watts, this gives a total power of 
300 watts. This means that to attain 100 percent 
modulation of an RF carrier with a sine wave 
modulating signal, a modulating power equal to 
one-half the carrier power is required. The addi
tional modulating power is divided equally be
tween the upper and lower sidebands.

The peak power for this 100 percent modu
lated wave can be found as follows: The RMS 
value of Hinas is 200 volts. Using the power for
mula,

P = (200)2 __ 40,000 
50 50 =  800 watts

Single-Sideband Modulation

While all of the intelligence is contained in the 
sidebands, two-thirds of the total power is in the 
carrier. It would appear that a great amount of 
power is wasted during transmission. If the car
rier and one of the sidebands were eliminated, 
the one remaining sideband could be used to 
transmit the intelligence. Since the carrier ampli
tude is unchanged, it contains no intelligence. 
Also, both sidebands could be transmitted, each 
containing different intelligence, with a suppressed 
or completely eliminated carrier. Transmission 
with one sideband eliminated is referred to as 
single-sideband transmission (SSB).

Power Comparison. The total power output 
of a conventional AM transmitter is equal to the 
carrier power plus the power output of the modu
lator. Conventional AM transmitters are rated in 
carrier power output. In single-sideband opera
tion, there is either a greatly attenuated carrier 
or a completely eliminated carrier. For this rea
son, the SSB transmitter is rated in peak envelope 
power. In the example of the 200-watt transmit
ter previously used, the peak power is 800 watts. 
If this same transmitter is converted to SSB opera
tion, it is rated as an 800-watt single-sideband

transmitter; and a 6-decibel gain in power would 
be realized. (Any power doubled equals a 3- 
decibcl gain.) This gain results from the elimina
tion of the carrier and one of the sidebands.

The bandwidth of the 800-watt SSB transmitter 
would be only one-half that required for a con
ventional AM transmitter. This is an advantage 
that results in a 3-decibel gain at the receiver. This 
gain is due to the better signal-to-noise ratio ob
tained. Another advantage realized is that the 
sideband signal is less subject to the effects of 
selective fading, which is caused by the out-of
phase relationship between the carrier and side
bands which commonly occurs in conventional 
AM transmission. In this type of single-sideband 
system, a theoretical 9-decibei gain is realized 
over the conventional AM system.

Types of Sideband Transmission. Several 
types of single-sideband systems have been devel
oped, It is necessary to clarify the various applica
tions of the transmission principle involved. The 
term “single-sideband modulation” is defined as 
a form of amplitude modulation in which one 
sideband and the carrier are suppressed.

In one system, the carrier and one of the side
bands are eliminated at the transmitter; only one 
sideband is emitted. This is called single-sideband 
suppressed carrier (SSSC). It is quite popular 
with amateur radio operators. The chief advantage 
of this system is maximum transmitted signal 
range with minimum transmitter power.

Another system eliminates one sideband and 
suppresses the carrier to a desired level. The sup
pressed carrier is then used at the receiver for a 
reference; automatic volume control; automatic 
frequency control; and, in some cases, demodula
tion of the intelligence-bearing sideband.

The type of system most commonly used in Air 
Force communications is referred to as twin- 
sideband suppressed carrier or independent side
band transmission. This system involves the trans
mission of two independent sidebands, each con
taining different intelligence, with the carrier sup
pressed to a desired level.

Sideband G eneration. The techniques of 
generating sidebands vary with different designs. 
In an SSB system, the sidebands are generated 
before the final stage. In conventional AM sys
tems, the sidebands are generated before the final 
power amplifier stage. Also in the AM system,
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the fundamental or carrier frequency is produced 
by an oscillator and then applied to a series of 
multiplier stages until the final operating frequency 
is obtained. At this point, the RF carrier is modu
lated by the audiofrequency intelligence and ap
plied to the antenna.

The basic principle of SSB requires the sup
pression or elimination of the RF carrier and one 
of the sidebands. Therefore, specially designed 
circuits perform these functions at a low-powered 
level. Modulation at the low level necessitates the 
use of linear power amplifiers rather than fre
quency multipliers to keep distortion to a mini
mum. The most common method used to generate 
sidebands is frequency conversion coupled with 
selective filtering.

Since the primary objective is to convert the 
audio intelligence into a sideband frequency, a 
means must be devised to eliminate the carrier 
and one of the sidebands. This is easily accom
plished by using a balanced modulator circuit. The 
main characteristic of a balanced modulator is 
that the carrier or conversion frequency is can
celed in the output of the modulator. The output 
contains only the upper and lower sidebands of 
intelligence. The undesired sideband may be 
eliminated by using a selective filter, leaving only 
the desired sideband for transmission. This signal 
is applied to linear amplifiers and further con
verted until the final operating frequency is ob
tained,

Broadcasting audio frequencies up to nearly 
10 kHz is possible by special methods such as 
single-sideband transmission, but certain difficul
ties are centered in such systems. These difficul
ties generally restrict their application in com
mercial broadcasting. If the carrier frequency is 
not raised and lowered simultaneously and in
versely with modulating frequency, the modulated 
carrier overlaps into the adjacent channels when 
the modulating frequency exceeds 5 kHz.

The undesirable effect of swinging that occurs 
in amplitude modulation has led to the develop
ment of other types of modulation. Frequency 
modulation is one of the types developed.

FREQUENCY MODULATION

Frequency modulation is the process through 
which intelligence Is transmitted by varying the

UNMODULATED 
RF CARRIE*

WAVESHAFE Of
. modulating

SIGNAL

MODULATED ; 
FM CARRIER i

Figaro 4-88. Graphic Representation of Frequency
Modulation

frequency of the RF carrier in accordance with 
the frequency of the modulating signal.

In the frequency modulation (FM ), the fre
quency of the RF carrier when it is not being 
modulated is referred to as the center frequency.

When the carrier is modulated by a positive 
signal voltage, its frequency increases in propor-, 
tion to the amplitude of the positive signal voltage. 
And when the carrier is modulated by a negative 
signal voltage, its frequency decreases in propor
tion to the amplitude of the negative signal volt
age.

Figure 4-88 is a graphical representation of 
frequency modulation. It illustrates an unmodu
lated carrier in which each RF cycle occupies 
the same amount of time, a sinusoidal modulating 
signal, and a modulated carrier.

The maximum frequency change from the cen
ter frequency is governed by the amplitude of the 
modulating signal and is called the deviation. 
While the modulating signal does not vary the 
amplitude of the carrier, it does shift the fre
quency and concentrate the power in new fre
quency sidebands.

Rate of Deviation of a Signal

A sinusoidal signal voltage causes an FM trans
mitter to radiate a signal which changes in fre
quency from the carrier center frequency to a 
higher frequency, back to the center frequency, 
then to a lower frequency, and back to the center 
frequency In accordance with the frequency of the
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Figure 4-89. Carrier after Frequency Modulation

This characteristic is inherent in the circuit em
ployed. The strength of the emission on frequen
cies beyond the normal deviation, generally, does 
not decrease in a manner directly proportional 
to the frequency separation from the center fre
quency. The strength of the sidebands at frequen
cies considerably remote from the center frequency 
may be greater than that of frequencies close to 
the frequency of maximum deviation.

These sideband frequencies can cause interfer
ence on other radio channels which may be quite 
remote in frequency from the interfering trans
mitter. This interference is most likely to occur 
with transmitters using very high indexes of modu
lation.

modulating sine wave. This process, known as the 
rate of deviation, is illustrated in figure 4-89.

An FM transmitter circuit which is designed 
to produce a deviation of 40 kHz can produce 
signals that differ from the center frequency by 
amounts much greater than 40 kHz. The circuit 
can do this because in addition to the normal 
upper and lower frequency sidebands which are 
produced by the amplitude of the modulation fre
quency, other sidebands differing from the center 
frequency by multiples of the modulating frequency 
also are present.

The spread of these frequencies becomes great
er with the higher modulation frequencies such as 
are required in carrier telephone transmissions.

Modulation Index

The modulation index of an FM transmission is 
comparable to the percentage of modulation which 
is applied to amplitude-modulated signals, even 
though the index is quite different in character. 
The modulation index often is defined as the 
“ratio of deviation of the carrier frequency in 
relation to the frequency of the modulating signal.” 
It can be expressed by the equation:

_  frequency deviation of the RF carrier 
’ frequency of the modulating AF 
where /3 (beta) =  modulation index

The limiting modulation index is called the
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deviation ratio, which is the ratio of the maximum 
carrier frequency deviation to the highest modulat
ing frequency used.

In amplitude modulation the carrier strength 
is constant and only the sideband amplitude 
varies, but in frequency modulation the carrier 
strength varies with the modulation index, as 
shown in figure 4-90.

At a modulation index of approximately 2.4, 
the carrier disappears entirely. It then reverses 
phase (as compared to its phase without modula
tion), thus becoming negative. It remains negative 
until the modulation index is increased to approxi
mately 4.6, at which point it again passes through

zero, reverses phase, and becomes positive once 
more.

If the curves shown in figure 4-90 were ex
tended to higher indexes of modulation, additional 
sidebands would be developed, and the carrier 
would continue passing through periodic reversals 
in phase. The carrier would continue crossing 
zero points at specific indexes of modulation. The 
mathematical solutions for this behavior are too 
complex to be treated here, but they can be vis- 
sualized if you consider a number of sine waves of 
different frequencies adding and subtracting at 
center points to cancel or reverse the phase of 
any particular wave.

( - * --------------------D E S IG N  B A N D W ID T H --------------------------

Figure 4-91. Spectrum Diitribvtion for Modulation index
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In frequency modulation and phase modula
tion (PM ), which is discussed next, the energy 
thalsgoes into the sidebands is taken from the car
rier. However, the total power in the carrier and 
its sidebands remains the same regardless of the 
modulation index. More power may be in the first 
sideband than in any other sideband at one value 
of modulation index; the greatest amount of 
power may be in the second or third sidebands at 
some other value of modulation index. Figure
4-91 shows the spectrum distribution for modu
lation index.

Both FM and PM systems possess the advan
tage of being relatively unaffected by atmo
spheric or manmade interferences which are es
sentially variable in amplitude. But both FM and 
PM radiation are more or less like light waves 
in character as a result of the high carrier fre
quencies employed.

FM is more generally used than PM because 
it is capable of handling more intelligence (pro
ducing more variations in frequency) within a 
channel of specific frequency limits.

The same receiver can be used for both FM and 
PM because the discriminator or frequency de
tector responds to change in phase in the same 
manner that it responds to variations in frequency.

PHASE MODULATION

Phase modulation is an indirect method for 
obtaining a frequency-modulated carrier. It is 
accomplished by passing the RF and AF signals 
through various phase-finding networks which 
tend to change the phase of the AC radio-fre
quency carrier voltage.

Thus, the phase of a carrier cycle shifts with 
respect to each preceding cycle, and the last 
cycle is either ahead of or behind its normal phase. 
In other words, the carrier cycle reaches its peak 
value either earlier or later than it does in the 
unmodulated carrier. This phenomenon is illus
trated in figure 4-92 in which the normal period 
is shown as ti and the longer period as t2. The 
longer period corresponds to a lower frequency, f, 
since f = l / t .

Theoretically, the only difference between fre
quency-modulated waves produced by PM and 
FM systems is in the phase relationship between 
the modulating signal and the deviation. But,

Figure 4-92. Phase M odulation o f a Carrier

practically, there are other differences. One differ
ence arises from the fact that with phase modu
lation, the carrier frequency is much more stable 
than with frequency modulation, The frequency is 
more stable in the phase-modulation system be- 
caused the oscillator can be crystal controlled and 
the modulating frequency applied to a later stage. 
In the FM system, the modulating signal must be 
applied directly to the oscillator circuit. Since the 
oscillator is designed to be resonant at the center 
frequency, it offers a different impedance to fre
quencies above or below the center frequency; 
therefore, oscillator output varies somewhat in 
amplitude at frequencies other than the center 
frequency.

Another basic difference between FM and PM 
is that in the FM system the deviation is deter
mined only by the amplitude of the modulating 
signal, but in the PM system the deviation is 
proportional to both the frequency and the ampli
tude of the modulating signal.

PULSE MODULATION

The increasing demands for communication 
services in both military and commercial applica
tions have led to the development of new types 
of radio and radar systems, which in turn have 
necessitated new methods of modulation for the 
transmission of intelligence in varied and complex 
form. Pulse modulation with its many possible 
variations has proven most practical in many of 
these applications.

Fundamentally, pulse modulation differs from 
other types of modulation in that the intelligence 
to be transmitted is sampled during brief periodic 
intervals, and these samples are used to modulate 
the carrier. The carrier Is varied in some manner
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in accordance with the instantaneous value of the 
modulating signal at the moment of sampling. 
The carrier is,a chain of pulses which are uniform 
in nature and generated at a fixed rate. The car
rier is modulated by a pulse chain from the sam
pled data which serves as a subcarrier.

Pulse modulation is valuable for applications 
which require multiplexing or simultaneous trans
mission of more than one data signal on a com
mon carrier, such as telemetering, wire or micro
wave television cables, oceanic cables, and others, 
pulse modulation permits the transmission of 
many types of data in short periods of time and 
with a minimum of equipment.

Simultaneous transmission of multiple channels 
is accomplished by one of two systems. One sys
tem involves using a separate subcarrier fre
quency for each channel, and the other involves 
transmitting data samples from each channel in 
a specific time sequence.

In the first system, known as frequency division, 
each data signal modulates the subcarrier assigned 
to its specific channel and is identified by the 
frequency of the subcarrier. In the second system, 
known as time-division multiplexing, the instan
taneous amplitude of the signal is sampled from 
one channel at a time and transmitted in a regu
lar sequence until all channels have been sampled. 
The process is then repealed in the same sequence 
until all desired data has been transmitted.

The nature of the data to be transmitted deter
mines the bandwidth required for the transmission 
and frequency of sampling. For voice transmis
sion, the rale of sampling must be sufficiently 
rapid to prevent the listener from detecting the 
intervals between the increments of data trans
mitted. A sampling rate of approximately 8000 
samples per second is sufficient to produce the 
effect of normal continuous sound to the listener.

Since only one instantaneous value of the mod
ulating signal is transmitted through one channel 
at any given instant in the time-division multi
plexing system, there is no cross-talk or inter
channel modulation. This interchannel modulation 
might occur in the frequency-division system be
cause of the nonlinear frequency response of the 
modulation amplifiers.

Pulse modulation readily lends itself to multi
plexing by time-division because it must employ 
instantaneous sampling. When pulse modulation is

combined with time-division, the system is known 
as pulse-iime multiplex and possesses many char
acteristics which are desirable in a communication 
system for handling complex data. Some of these 
characteristics are as follows:

1. High signal-to-noise ratio, which is made 
possible through the use of limiting and dipping 
circuits.

2. The “on-ofF' nature of pulse modulation 
makes it adaptable to simple repeater systems for 
increasing range of transmission.

3. Elimination of the need for complex filter 
networks.

4. Adaptability and flexibility of application.
. 5. Freedom from interference due to inter
channel cross-modulation.

Pulses have individual characteristics (param
eters) with respect to height, width, duration, 
repetition rate, formation time, decay time, shape, 
and displacement from normal occurrence. These 
characteristics may be used singly or in combina
tions to provide a wide variety of pulse-modula
tion methods adaptable to the transmission of 
intelligence in many forms and degrees of com
plexity.

In pure pulse modulation, both the rate and 
timing of the signal sampling remain constant 
regardless of how the pulses in the chain are 
modulated.

When the pulse-modulated system is used for 
transmitting intelligence from several sources or 
data of a highly variable nature, the ratio of noise 
to signal may become excessive (as is true in sys
tems using conventional types of modulation). 
Signal-to-noise ratio may be improved through the 
use of clipping and limiting circuits and by increas
ing the bandwidth, if possible, to permit wider 
separation of individual data channels. The trans
mission bandwidth depends upon pulse shape as 
well as pulse rate, and the method and degree of 
modulation.

The fact that in pulse modulation energy b  
transmitted only for short intervals makes possible 
the use of high peak power in the carrier and the 
use of magnetrons and klystrons to generate car
riers of very high frequency.

When high-frequency carriers are used, the 
bandwidth can be made much greater and more 
data channels can be accommodated. The cus
tomary interruption of the carrier between modu
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lation pulses is unnecessary except to effect a 
slight saving in power consumption.

Of the several types of pulse modulation, pulse- 
amplitude modulation is covered first.

Pvlse-Amplilude Modulation

When the amplitude of a pulse is modulated the 
transmission is referred to as pulse-amplitude 
modulation (PAM). Although easily applied, this 
system is not widely used because it requires 
equipment with linear characteristics. Too, it can 
operate at an average of only 50 percent of its 
maximum capabilities. Figure 4-93 illustrates a 
pulse-amplitude modulated pulse chain.

In PAM systems, either of two types of ampli
tude modulation arc used. One of these is known

figure 4-93. Pulse Amplitude Modulation

as unidirectional PAM.  This type employs pulses 
of one polarity. The other type is known as bi
directional PAM  because it employs pulses which 
vary in amplitude above and below a fixed refer
ence level. The pulses arc positive and negative 
in amplitude with an average value equal to zero. 
Figure 4-94 shows two types of pulse-amplitude 
modulation.

Pulse-Width Modulation

Pulse-width modulation (PWM) occurs when 
the width or duration of the pulse varies sym
metrically with the modulating signal or when the 
leading or trailing edges of the pulses are modu
lated. Pulse-width modulation is commonly used 
on modulating and demodulating other pulse 
modulations. If PWM is differentiated or gated, 
pulse-displacement modulation is obtained. If a 
width-modulated pulse chain is passed through a 
low-pass filter, the signal is removed directly.

Pulse-width modulation is a convenient medium 
for transmitting intelligence, but it involves a 
variation of duty cycle that reduces the operating 
efficiency of the equipment. A combination of 
pulse-width modulation and pulse-rate modulation 
could be used to hold the duly cycle constant by

Figure 4-94. Types of Pulse Amplitude Modulation

Figure 4-95. Definition o f Pulse Characteristics
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automatically decreasing the rate of wide pulses 
and increasing the rate of narrow pulses at rates 
inversely proportional to the width of the pulses.

The duty cycle is the ratio of the pulse length 
(duration) to the pulse-repetition period. To con
vert peak power into average power, peak power 
is multiplied by the duty cycle. These terms are 
illustrated in figure 4-95.

In pulse-width modulation, the variation of 
average power in the carrier is approximately the 
same as in pulse-amplitude modulation, but the 
amplitude of the pulses remains constant. The 
constant amplitude of the pulses facilitates the 
limiting and clipping of the pulses to eliminate 
extraneous noise, as shown in figures 4-96, 4-97, 
and 4-98.

Pulse-rate modulation also is subject to varia
tions of duty cycle and loss of average power dur
ing the modulating cycle. It is not commonly used 
because of this drawback.

Pu1i«-Dfsplac«ment Modulation

Pulse-displacement modulation, also called 
pulse-time and pulse-position modulation, is widely 
used in microwave time-division multiplex because 
it permits interlacing several pulse chains without 
confusion. Other pulse modulations offer similar 
possibilities if the extent of modulation is limited.

Pulse displacement modulation (PDM ) is ac
complished by varying the time between pulses or 
by varying the displacement of the signal pulse 
with reference to a marker pulse. A marker pulse 
is supplied from a separate marker generator, 
such as a free-running multivibrator. The marker 
generator modulates the carrier at uniform inter
vals with pulses of constant width and amplitude, 
or with pairs of pulses which arc readily distin
guished from those produced by the signal.

There are several methods by which the audio
frequency signal can be applied to produce pulse 
displacement modulation. One method employs a 
driven blocking-oscillator. The blocking-oscillator 
conducts when the positive-going portion of the 
audio signal voltage is applied to its control grid, 
or when the negative-going portion of the audio 
signal is applied to its cathode.

The positive and negative portions of the audio 
signal are applied successively to the grid and

J U m i l T L
Figure 4-96. Original Train of Width-Modulated

Pulses
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AND
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Figure 4-97. Pulses with Addition of Noise

Figure 4-96. Amplified Output o f Limiter and
Clipper

cathode of a single blocking oscillator through 
limiting or clamping circuits; or two properly 
biased blocking oscillators are used, one of which 
is biased to conduct only on the positive portion 
of the audio signal, while the other is biased to 
conduct only during the negative portion. In either 
case, the end result is the same. The blocking 
oscillator conducts and produces a modulating 
pulse when the amplitude of the input signal 
attains a predetermined positive and/or negative 
value. The frequency of the audio signal in this 
instance determines the frequency with which the 
modulating pulses are generated. When these 
pulses are superimposed upon, or used to trigger, 
a chain of carrier pulses which is being modulated 
at uniform intervals by a marker pulse (or pair of 
pulses), the position of the signal pulses varies 
with respect to the marker pulses in accordance 
with the frequency variations of the signal. The 
intelligence conveyed by the signal is represented 
in terms of the relative position between the signal 
pulses and the marker pulses, as illustrated in 
figure 4-99. In the figure, the audio modulating 
signal is represented by three sinusoidal waves, 
each of a different frequency.
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For illustrative purposes, the frequency of the 
middle sine wave is represented as being equal to 
one-half the pulse recurrence frequency ( PRF) of 
the paired marker pulses. Each half of the audio 
cycle produces a pulse which is exactly midway 
between the adjacent paired marker pulses. The 
two signal pulses are separated by the same dis
tance as the marker pulses.

The first sine wave represents a signal of lower 
frequency (one-third of the marker PRF in this 
example), and the distance between the signal 
pulses is correspondingly greater. No signal pulse 
appears between one pair of marker pulses. The 
third and fourth sine waves represent a signal of 
higher frequency (two-thirds of the marker PRF 
as shown). The distance between the signal pulses 
is correspondingly less, with two signal'pulses 
appearing between one alternate pair of markers 
and one signal pulse appearing between the other 
alternate pair of markers. In other words, within 
two marker intervals three signal pulses appear.

If the audio signal were of the same frequency 
as the marker PRF, two signal pulses, one for each 
half of the audio cycle, would appear between 
each successive pair of markers, as shown in fig
ure 4-100.

Pulsc-displaccment modulation can also be 
limited and clipped to reduce noise, but it gives 
less average carrier power output than pulse-width 
modulation for the same peak power.

4-68

Figure 4-100. Pulse Displacement Modulation Pro
duced When Modulating Signal Frequency is Equal

to PRF

Pulse-Frequency Modulation

. Pulse-frcquency modulation (PFM) is a system 
in which the frequency of the carrier pulses is 
varied in accordance with variations in the ampli
tude or frequency, or both, of the modulating sig
nal. The average power in the carrier for both 
pulse-displacement modulation and pulse-frc- 
qucncy modulation is fairly constant.

Pulse-frequcncy modulation is quite similar to 
pulse-displaccmcnt modulation except that no sep
arate marker pulses are employed, and the varia
tions of the audio signal arc used to produce 
corresponding variations in the PRF of the carrier 
pulses. The development of frequency-modulated 
magnetrons makes the pulse-frequency modulation
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system practical for many applications which re
quire the transmission of complex data in which 
the signal varies greatly in frequency or amplitude 
within short intervals of time.

The principle of pulse-frequency modulation 3s 
illustrated in figure 4-101. Only the positive por-

'■ —----- r~
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Ffour® 4-T0J. Pu/se frequency Modu/ofion Produced 
by Audio S/qna/r ff, and fj, wtffi fj equal to 2f,)

tion of the audio signal is used for producing the 
modulation which is in the form of groups of 
pulses. The frequency of the pulses contained in 
a group varies with the frequency of the audio 
signal.

In the example, only the positive half of each 
audio cycle is used to produce modulated pulse 
groups. This procedure is followed so that the 
groups can be separated by unmodulated intervals 
for ease of interpretation and decoding.

This type of pulse-frequenqy modulation is ac
complished by applying the audio signal to a 
multivibrator-type modulator or to a magnetron 
oscillator circuit. In the case of the latter, an 
FM-CW-type magnetron modulation is employed. 
Modulation is accomplished in such a manner that 
the field strength of the magnetron (and conse
quently Its frequency) is varied with the variation 
in frequency of the audio signal.

Multivibrator-type modulators are now most 
commonly used in pulse-frequency modulation 
systems, but are being supplanted by the FM-CW 
magnetrons wherever practicable because the lat
ter are more reliable in operation and give an out
put with a much higher signal-to-noise ratio.

Pulie-Code Modulation
The variations in the modulating signal can be

used to produce groups of pulses varying in num
ber and concentration with respect to a normal 
group count without modulation. This process is 
called pulsc-codc modulation (PCM).

Pulse-code modulation is produced by using the 
signal voltage to vary the bias of a keying circuit 
which in its normal (no signal) unmodulated 
operation produces groups of pulses. The pulses 
arc uniform in number and concentration. The 
keying circuit may contain a n l-shot*' multivibra
tor.

The keying circuit is designed so that a positive
going signal voltage increases the number and/or 
concentration of the pulses in the normal group. 
Also, a negative-going signal voltage decreases the 
number and/or concentration of pulses in propor
tion to the variations in the amplitude or fre
quency, or both, of the audio signal,

. > •• • . • > •/*,

figure 4-702. Pulsm Codo Modulation

The principle of PCM is illustrated in figure 
4-102. Pulse-code modulation is quite similar to 
pulse-frequency modulation except that in the 
PCM system the frequency of the carrier is not 
altered. Intelligence is conveyed by the number of 
pulses contained in each signal-modulated group 
as compared to the number of pulses in the 
normal group.

Pulse Modulation Thus Far
Some types of pulse modulation, such as pulse- 

amplitude modulation, can be detected by con
ventional circuits employing crystal-diode mixers 
and detectors. But more complex types, such as 
pulse-displacement, pulse-width, and pulse-code 
modulation, require special synchronizing and de
coding circuits. These circuits contain delay and 
coincidence stages, integrators, and pulse-width 
and PRF discriminators in addition to the crystal- 
diode mixers and detectors. The circuitry and
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principles of these special units are covered in 
detail under Coding and Decoding Systems, Chap
ter 6.

Crystal diodes have supplanted vacuum tubes 
as mixers and detectors in many UHF circuits 
because of their negligible transit lime and better 
signal-lo-noise output ratio.

In the conventional diode vacuum tube, the 
physical space between the cathode and anode is 
large compared to the wavelength of the UHF 
carrier, and the transit time required for electrons 
to pass from cathode to anode limits the fre
quencies at which the tube may function as a 
detector. Crystal diodes are relatively free from 
these limitations, and thermal noises generated 
within the crystal are negligible. A much higher 
signal-to-noise ratio may be obtained from the 
crystal, making it much more desirable for the 
demodulation of complex signals.

Many radar systems use 100 percent pulse 
amplitude modulation because it is the simplest 
method for modulating magnetron- and klystron- 
type oscillators, and it produces the highest peak 
power in the carrier. Also, at ultra high fre
quencies, the intensity of static interference be
comes less appreciable, making the advantages of 
the frequency-modulated and phase-modulated 
systems less apparent.

Pulsed-phase modulation is another method for 
achieving the same result as obtained by pulsc- 
frequency modulation. PPM is more suitable than 
PFM with equipment in which the signal pulses 
are applied directly to the carrier oscillator.

Although bandwidths are wide at ultra-high 
frequencies and selectivity normally would be 
high, the frequency drifts inherent in UHF equip
ment restrict selectivity and, consequently, limit 
the available bandwidth.

In whatever form pulse modulation may be 
used as dictated by the nature of the data to be 
transmitted, it provides the means for obtaining 
the fullest use of the bandwidths available with 
a minimum of interference from extraneous noises 
and intercarrier cross-modulation. For these rea
sons, pulse modulation is becoming more widely 
used in both military and commercial communi
cation systems.

Before going on to the Doppler principle, look 
over table 4-5. It gives a compact review of three 
types of modulation.

DOPPLER PRINCIPLE

The Doppler principle involves the apparent 
change in the frequency of light, sound, or electro
magnetic waves observed while the source and the 
observation point are in motion relative to each 
other. This principle is employed in radar equip
ment which supplies precise altitude, space-posi
tion, and velocity information.

The Doppler effect produces a frequency-shift 
modulation external to the transmitting equipment, 
as contrasted to previously discussed modulation 
which was accomplished internally.

In 1842, Christian Johann Doppler of Prague 
stated that if the distance is changing between an 
observer and a source of constant vibrations (such 
as sound or light) the wave number appears to 
become greater or less than the true value, accord
ing to whether the distance is being diminished or 
lengthened. This effect is commonly observed in 
the change of pitch of a train whistle as the train 
approaches and then continues on by.

Electromagnetic waves possess many of the 
characteristics of light, particularly as their fre
quencies approach that of light. The Doppler prin
ciple is applied to electromagnetic radiations in 
connection with radio and radar equipment for 
determining velocity and distance of moving tar
gets, such as guided missiles.

In one system used to track a missile, the trans
mitter operates at a constant and accurately known 
frequency, f. The beam from the transmitter 
triggers a beacon transmitter in the missile. The 
beacon transmitter, in turn, operates at twice the 
original frequency. 2f. The latter signal is picked 
up by ground receiving stations. At the same time, 
the ground stations teceive the ground transmit
ter’s signal and double its frequency internally 
through a frequency-multiplying stage. The two 
doubled frequencies are then mixed. The resulting 
difference frequency is proportional to the velocity 
of the missile. The difference is proportional to 
the velocity because the motion of the missile 
effectively changes the transmitted frequency by 
an amount proportional to the velocity of the 
missile. The velocity vector between the missile 
and any point on the ground can be accurately 
measured by means of a Doppler radio system.

By integrating the velocity values from the 
instant of takeoff, position vectors can be deter-
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7ab/a 4-5. Comparison of Modulation Methods
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mined with great accuracy. If two or more sta
tions are used, the position of the missile with 
respect to a fixed coordinate system can be readily 
established.

If instead of transmitting a continuous wave, the 
Doppler system transmits a sawtooth frequency- 
modulated wave, both the velocity and the instan
taneous distance between the missile and the 
ground station can be determined simultaneously.

This principle is illustrated in figure 4-103. 
Note that the received wave from a distant moving 
object is shifted both to the right and upward 
with respect to the original transmission. Con
sequently, the beat frequency will be alternately 
very small and very large on succeeding half cy
cles. The sum of the two different values of beat 
frequency produced is a measure of the distance 
of the missile from the ground station, and the 
difference between the two values of beat frequen
cy is a measure of velocity of the missile with re
spect to the ground station.

Frequency-modulated radar determines the dis
tance to a reflecting surface by measuring the fre
quency shift between transmitted and reflected 
waves.

While the wave is traveling to the surface and 
back, the transmitter frequency is changing under 
the influence of frequency modulation. When the 
reflected wave arrives back at the transmitter, its 
frequency is slightly different from the frequency 
being transmitted at that instant. The transmitted 
and reflected signals are combined in a mixer- 
dctector circuit. The frequency difference between 
them is developed as a beat note.

The frequency difference becomes greater as the 
distance between the transmitter and the reflecting 
object increases. Altitude and range distances may 
be obtained by interpretation of the beat frequency 
between the transmitted signal and the received 
signal at any given instant of time. Velocity data 
may likewise be obtained.

This FM Doppler system is capable of measur
ing short distances accurately, while a pulse radar 
system is limited by the width of the pulse. With 
a pulse width of only 0.2 microsecond duration, 
the minimum range is about 100 feet. The FM 
Doppler system is more practical for such applica
tions as aircraft altimeters and telemetering where 
relatively short distances and velocities must be 
measured accurately. The pulsed radar system is 
suitable for long-range or high-altitude measure
ments, for which purposes it is commonly used.

To employ the FM Doppler system for long- 
range measurements would require lowering the 
rate of deviation of the frequency modulation. 
Lowering the rate would reduce its accuracy for 
shorter range measurements.

Time and Frequency Relationship in 
Modulation Envelopes

Figure 4-104 illustrates the time and frequen
cy relationships existing when a triangular modu
lation envelope is used in an FM radar system. 
The transmitted and received signals combine to 
produce beat notes at audio frequencies.

The black sawtooth wave represents the trans
mitted signal, and the white sawtooth wave rep-

Figuro 4-103. Doppler Effect on Frequency Modulation fiawtooth wave^
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Figure 4-104. Graphic Representation o f Time and  Frequoncy Relationships

resents the received signal, both plotted as func
tions of time.

The ti al deviation of the frequency modula
tion (the peak-to-pcak value of the modulation 
envelope) is indicated as A C megaHertz. If the 
center-frequency is 220 megaHertz and the devia
tion is plus or minus 400 kiloHcrtz (A C  =  0.8 
megaHertz), the carrier frequency then deviates 
from 219.6 to 220.4 megaHertz.

The received signal is frequency modulated by 
the same envelope as the transmitted signal be
cause the signal preserves its form during reflec
tion, but the received signal is displaced in time 
by the reflected interval. The reflected interval is 
equal to 2 d/c, where d is the distance in feet 
from the transmitter to the reflecting surface and 
c is the velocity of radio wave propagation in feet 
per second (about 984,000,000 ft/sec or 186,000 
milcs/sec).

As the time displacement occurs, a correspond
ing frequency displacement results. This is indicat
ed by the vertical separation, A f, between the 
solid lines and the dashed lines on the graph.

The relationship between the distance, d, and 
the frequency difference, A f, can be determined 
by comparing similar triangles in the figure. The 
height of the triangular waveform is A C and 
half its base is Vifm, where fm is the frequency of 
the modulation envelope. The ratio of the height 
to half the base is 2 A Cfm, and this is equal

to the frequency difference divided by the time 
difference:

A f

2ACfm =  "2 d /c

where A C, fm, and A f arc all measured in Hertz 
per second. The relationship between frequency 
difference and distance is then found to be

A f  4ACfm

Note that the sensitivity of the indication, in 
Hertz per second frequency-difference per foot, 
can be increased by using a wide frequency devia
tion or a high modulation frequency, or both.

If A C is 0.8 megaHertz, fm is 120 Hertz per 
second, and c is 984,000,000 feet per second, the 
ratio of frequency difference to distance A f/d is 
approximately 0.39 Hertz per second per foot of 
distance. The equation reads

4 x 0 .8 x  10CX 120
984X 10a

=  0.39

Thus, the maximum beat frequency developed 
from a reflecting surface 5280 ft. distant is 
5280 X 0.39 or 2059 Hertz per second.

A small error occurs during the period between 
reversal of the transmitted frequency deviation 
and the corresponding reversal in the received 
wave. The period is shown in the graph as cross-
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over time. The transmitted frequency, at the cen
ter of this period, falls to a value equal to the 
received signal, which is still increasing at this 
point, resulting in a beat note of zero at this in
stant. The duration of the crossover interval is 
only a few microseconds per mile as compared 
with 4166 microseconds, the half-period of the 
modulation envelope at 120 Hertz per second; 
thus, the error of crossover effect is negligible. 
These time relationships are shown in figure 4-105.

If the modulation is in the form of a sinusoidal 
envelope as ip figure 4-106, instead of a triangular 
envelope, the frequency difference between cross
overs is no longer a constant. Instead, the dif
ference varies from zero at the crossover to a 
maximum which occurs when the transmitted fre
quency is passing through its center value. By 
means of suitable circuits, the average beat fre

quency is measured. This value corresponds with 
that produced by triangular-wave modulation. 

The equation
Af 4ACfm
d c

is used to predict the average beat frequency, A f, 
when sinusoidal modulation is used.

Employing Doppler Principle in 
FM Radar Altimeter

The functional block diagram jn figure 4-107 
shows a typical airborne FM radar altimeter using 
the Doppler principle for determining altitude of 
aircraft.

A typical double-diode counter circuit, which 
can be used in the indicator counter listed in the 
preceding block diagram, develops a positive DC

nss'"'. Jfgqxnjgr
' m f e m

;  CENTER V  
FREQ UENCY

.Vt-TIME* 
-DELAY, 

2 d/c
... ‘^ A V E R A G E  BEAT F R E Q U E N C Y '#

Figure 4-106. Beat Frequency Produced by Crossover
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Figure 4-107. Typical Airborne FM Radar Altimeter

voltage proportional to the beat note frequency. 
This circuit shown in figure 4-108 includes a 
double-diode (12H6), one section of which pass
es the positive half-cycies of the limiter output, 
charging the 0.125 jxf capacitor and load resistor 
in shunt. The values of capacitance and resistance 
are so chosen that the charge on the capacitor 
leaks off through the resistor at a rate approxi
mately equal to the conduction of charge through 
the diode.

When the positive rectangular waves from the 
limiter arrive at an increasing rate (higher beat- 
note frequency), the direct voltage across the ca
pacitor tends to increase. The voltage decreases 
when the waves arrive at a decreasing rate.

This voltage is passed through a low-pass RC 
filter which averages the direct voltage and applies 
it to the grid of the output amplifier tube 
(12SH7).

A milliammeter in the cathode circuit of the 
output amplifier tube registers, over a range of 5

milliamperes (1.5-6.5 m a), the average value of 
the direct voltage on the grid. This meter is cali
brated directly in feet. The HI-LO scale shown is 
switched synchronously with the switch which 
controls the total deviation of the transmitted 
signal so that the meter scale corresponding to 
wide or narrow deviation range is always correct
ly selected.

Part of the voltage across the cathode resistance 
is fed back to the other section of the dual-diode 
(12H 6) in the counter circuit. This diode passes 
the negative halves of the limiter output to ground. 
This discharges the coupling capacitor, leaving it 
ready to receive the next positive half of the 
limiter output wave. The feedback from the indi
cator amplifier also biases the diode and makes 
the indication more linear.

You can now recognize the importance of the 
Doppler principle to the missile field. As this 
section has brought out, the Doppler effect is 
widely used in electronic equipment.
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IN D ICATO R

A REASON
FOR UNDERSTANDING MODULATION

Since a carrier must be altered in amplitude, 
frequency, or phase before it can transmit intelli
gence, such altering becomes vital to the effective 
use of electronics equipment.

You should be fully acquainted with the types 
and functions of modulation. You should under
stand the phenomenon of modulation before going 
into the next chapters which take up the detailed 
study of the components of a missile system.
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Control System Components

Devices which make up the various types of 
guided missile control systems are presented in
dividually io this chapter. To help you visualize 
the relationship of these components in the con
trol systems, a brief explanation of overall system 
operation is included. A later chapter presents a 
more detailed explanation of system operation.

Guided missile control system usually refers to 
a system that automatically controls the Eight of 
the missile. The system is similar to the automatic 
pilot system installed in some piloted aircraft. The 
system moves controlling devices the proper 
amount at the proper time to keep the missile 
from erroneously pitching, changing heading, or 
rolling.

The principles of the missile control system 
are the same as any automatic control system. 
Such a system constantly makes corrections of 
some controllable item and then checks the re
sults as a basis for further corrections. This forms 
a cycle of interdependent actions which is called a 
closed-cycle control system. Any block diagram 
of the actions is connected to form a closed loop.

There are four requirements of any automatic 
control system.
• The first requirement of a control system Is the 
presence of something which is controllable. For 
example, it would not be feasible to attempt to 
control the temperature of the outside atmosphere.
* The second important requirement is a means 
of detecting or sensing a deviation of the con
trollable item from the desired condition or refer
ence. This deviation is usually called error.
♦ A third function is to convert the error infor
mation into a form which can be used to regulate 
the controlling device.
• The controlling or correcting device is what

actually effects the correction of the controlled 
item and is the fourth requirement of any system.

One of the most common automatic control 
systems is the one used to maintain a certain 
temperature in a room. A heating system consists 
of the four basic system requirements as shown in 
figure 5-1. The thermostat is adjusted for a cer-

Figur« 5-1. Boric Ports of Automatic Control System

tain room temperature. This adjustment rep
resents the only command to the system. The 
temperature for which the thermostat is set then 
becomes a reference. If the temperature deviates 
from this reference temperature, the thermostat 
detects the deviation and sends an error signal 
to the valve controlling the fuel supply. Heat is 
produced by the equipment which obeys the sig-
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nals of the thermostat. The heat enters the room 
by means of a vent or radiator. Meanwhile, the 
thermostat, .still measuring temperature, insures 
that the fuel supply is cut off at the proper time 
to maintain the reference temperature.

Figure 5-2 shows the same four requirements 
of an automatic system, applied this time to a 
guided missile flight control system. The missile 
attitude is a controllable item. Deviations may be 
sensed by a gyro. The controlling equipment 
changes this signal to a force that can move the 
control surface the proper amount. The device 
which actually imparts correction is the control 
surface (or movable jets, etc).

The series of events has not stopped. When the 
missile moves as a result of corrective action, this 
motion is fed back as information to the sensor, 
since it is conu'nually detecting attitude. This feed
back information completes the major loop of the 
system. This major loop is sometimes called the 
dynamic loop since it includes the motion of the 
guided missile.

Figure 5-2 also lists major functions of a 
guided missile system. Each component forms all 
or part of the four requirements of a missile 
system. These major functions are arranged in 
block diagram form in figure 5-3.

Basic control system units are all applied to 
one of the eight functions of the basic missile 
control system.

These functions are not necessarily fixed as 
shown in the block diagram. The diagram pro
vides a basis for understanding component opera
tions.

The control system used in a missile consists 
of a number of components which are installed 
as a part of the missile equipment and are inter

connected to operate as a complete control system. 
The control system is designed primarily to pro
vide stabilization of a missile during its flight 
from the launch site to the target site. There are 
also secondary control-system design considera
tions which arc needed because of the extensive 
research and testing phase a missile must go 
through before it becomes an operational weapon. 
Test range safety requirements also play a part in 
the control system design of any specific missile.

The control system must be capable of moving 
the craft’s control surface to maintain a given 
flight attitude and a fixed course or directional 
heading. The system must be so designed that an 
operator in a director aircraft or at a ground 
station can maneuver the missile, through remote 
control, to accomplish dives, climbs, or various 
other functions necessary to establish the aero
dynamic characteristics of the craft. To accom
plish this, the control system must be capable of 
doing the following:

1. It must set up fixed reference lines in space, 
from which deviations in course or change in 
flight attitude can be measured.

2. It must provide a mechanical or electrical 
and mechanical means of operating the control 
surfaces of the missile as required. Such a device 
is commonly called a servo.

3. It must provide a means for measuring the 
magnitude and direction of the angular deviations 
which the missile makes from these reference 
lines and v.nich the servos make in the position 
of the control surfaces.

4. It must provide a means for translating the 
amount and direction of missile deviation and the 
amount and direction of control surface move-

Figvra 5-3. Block Diagram o f M iuile  Control Syjfam
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mcnL into the operation of a complete system so 
that the missile will perform properly.

The way in which a missile control system 
meets these requirements is covered in subsequent 
chapters. In this chapter the operation of the in
dividual components and subsystems which com
prise the makeup of a control system are ex
plained.

SECHON A 

Sensor Units

A sensor unit in a guided missile control sys
tem is a device capable of detecting deviation of 
the missile from a desired flight condition. Sensor 
units discussed in this chapter include gyroscopes, 
altimeters, and transducers. Gyroscopes generally 
arc considered to be the basic sensor unit in any 
missile control system. Altimeters and transducers 
arc used as sensors in secondary or auxiliary servo 
loops in the control system. PickofTs, devices that 
make the detected intelligence useful, are also 
presented in this chapter.

GYROSCOPES: THE BASIC SENSOR UNIT

Before discussing the application of gyroscopes 
in a control system, first consider some basic gyro
scopic terms and definitions.

A gyroscope is a mechanical device containing 
an accurately balanced rotor. The rotor spins 
about its central or spin axis, which passes through 
the center of gravity. A free gyroscope is so mount- 
ted that it can tilt or turn in any direction about 
this center of gravity. Figure 5-4 shows such a 
gyroscope. When the rotor is rotated at a high 
speed, it assumes the characteristics of a gyro
scope, that is rigidity in space.

The characteristic of rigidity in space makes 
the gyroscope useful as a reference or sensor unit 
in controlling the flight of a missile.

Rigidity of G yroscopes

Rigidity, gyroscopic inertia, or angular momen
tum. is that property of a gyroscope which resists 
any force tending to displace the rotor from its 
plane of rotation. Three factors determine a gyro-

Figure 5-4. Free Gyroscope

scope’s strength or amount of rigidity. These fact
ors are (1) the weight of the rotor, (2) the dis
tribution of this weight, and (3) the speed at 
which the rotor spins. Rigidity may be increased 
by adding to the weight of the rotor. A gyro with 
a heavy rotor has more rigidity than one with a 
light rotor if the speed of rotation is the same for 
both. Rigidity can also be increased if the weight 
of the gyro is distributed to the outer rim of the 
rotor, as far from the spin axis as possible, even 
though there is no increase in the weight of the 
rotor. Rigidity is also increased when the speed of 
rotation is increased. A slowly spinning rotor 
gives the gyro little or no rigidity.

Gyroscopic Precession

There are two types of gyro precession: real or 
induced precession and apparent precession.

R e a l  P r e c e s s i o n . Real precession is move
ment of the gyro spin axis from its original align
ment in space. This precession is caused by a force 
applied to the spin axis and can be predicted if 
the point to which the force was aplied is known. 
Spin axis precession occurs 90° from the point of 
applied force, in the direction of rotor rotation,

5-4



1 July 1972 AFM 52-31

I
K

Ry app ly ing on  upward p rauura  on th« G Y R O  SP IN  AX IS, a  dafUcltv* fore# 
it oppltod to tho rim of gy ro  of point A  ( P U N E  O f  FORCE). Th« ratultonr 
fores Is 9 0 * oh ta d  In rht direction of rotation to point 8  (PLANE O P  
ROTAT IO N ), which cautts gy ro  to p f t c s n  (PLANE OP PRECESS IO N ).

P U N E  O P  
FO RCE

P U N E  OP
P R EC E SS IO N

Figure 5-5. flea) Precision

and in the same direction as the applied force 
(refer to figure 5-5).

An easy way to remember the direction in which 
a gyro will precess when an external force is ap
plied, is by the hand rule shown in figure 5-6. 
Using either hand, place the fingers in the direc
tion of rotation and extend the index finger in the

Figure 5-6. Hand Rule fo r Determining Direction of 
Gyro Precession

direction of the applied force. The thumb will then 
extend in the direction of precession.

It is apparent from the preceding explanation 
of gyro precession that if a force were applied 
to the gyro at the center of gravity, it would not 
act to tip the gyro spin axis from its established 
position. No precession would take place, A spin
ning gyroscope can be moved in any direction, 
provided its axis remains parallel to its original 
position in space. The gyro provides stability only 
against tipping its spin axis. A spinning gyroscope 
can be used to provide stabilization only in planes 
containing its spin axis. For complete stabilization 
in aircraft, two gyroscopes, which have their spin 
axes at right angles to each other, are required. 
For this reason, both a vertical gyro and a hori
zontal gyro are needed to give complete stabiliza
tion and to set up the necessary reference lines 
from which deviation can be measured.

A p p a r e n t  P r e c e s s i o n . Because rigidity fixes 
the spin axis of a gyro in space, the axis points in 
a fixed direction. The earth, which is rotating, 
turns under the gyro. The axis of the gyro appears 
to tilt. Imagine a gyroscope at the equator with
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iIn* spin axis parallel to ihc equator. Apparent 
precession may be explained by reference to figure 
•' ? Start at i)00<) hours. The gyro at the equator 
has its q>in axis horizontal to the earth's surface 
.aid parallel u> the equator. As the earth rotates 
at 15° hour, the gyro spin axis changes its re
lationship 1 0  the earth's surfaee at the same rale. 
Alter six hours, it appears to the observer to have 
tilled 90°; at 12 hours, 180°; and at the end of

24 hours, it is hack in its original relationship to 
the earth's surface. Throughout this time, the 
gyro has maintained its rigidity in space, so the 
precession was not real, but apparent.

Apparent precession of a gyro makes it unlit 
lor use as a reference over an exlcndcd period of 
time unless some sort of compensating or erecting 
mechanism is used to keep the gyro in a fixed 
position in relation to the earth. Over a relatively 
short period of lime a gyro can be used to cstab-

Figure 5-7. Apparent Precession
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Jish a satisfactory reference without the use of 
an erecting mechanism.

Gyro Drift

'Die line of direction of a gyro is not always 
in the direction in which it theoretically should

point as shown in figure 5-8. This error in the 
gyro is produced by random inaccuracies in the 
system. The resulting change in position of the 
spin axis is called drift. There are three general 
causes of drift:

Unbalance. A gyroscope often becomes dy
namically unbalanced when operating at a speed 
or temperature other than that for which it was 
designed. Some unbalance exists in any gyro since 
manufacturing processes do not give perfect sym
metry.

Bearing Friction. Friction in the bearings of 
the gimbals results in lost energy and incorrect 
gimbal positions. Friction in the spin axis bearing 
causes drift only if the friction is not symmetrical.

Inertia of G imbals. Energy is lost whenever- 
a gimbal rotates because of the inertia of the 
gimbal. The greater the mass of the gimbal, the 
greater the drift.

The complete elimination of drift in common 
types of gyroscopes appears to be an impossibility. 
However, great strides have been made in recent 
years toward reducing the amount of drift. The 
methods being used are explained briefly later 
in this section.

Gimbal Lock

If two gimbals of a gyro are positioned in the 
same plane, the gyro is not free to precess. As a

result, the forces of precession lock the gyro in a 
rigid position when a torque is applied.

The two basic properties of a gyro, rigidity in 
space and precession, are used in gyroscopic in
struments. Rigidity is used to establish a reference 
in space unaffected by movement of the support
ing body; and precession is used to control the 
effects of the earth’s rotation, bearing friction, and 
unbalance, thus maintaining the reference in the 
required position.

Rate Determination

A gyro having two gimbals may be used to 
determine the rate of deviation of a missile from 
its established reference. By restraining one of 
the gimbals by springs or a similar means, the 
force exerted on the restraint by the precession of 
the gyro may be measured, giving an indication 
of rate.

figure 5-9. Vertical Reference Line showing 
Deviation about Roll and  Pitch Axes
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Use of G yroscopes in G uided  M issiles

A minimum of two displacement sensing gyros 
is necessary for missile stabilization. Each of the 
two gyros is used to establish a fixed reference 
line from which missile deviations in directional 
heading or Might attitude arc measured. One of 
these lines is vertical and is established perpendi
cular to the earth’s surface. This line passes through 
the spin axis of a vertical gyroscope. From this 
line, deviations can be measured from flight atti
tude about the roll axis or about the pitch axis of 
the missile, as shown in figure 5-9.

Deviations from directional headings cannot be 
measured by a vertical reference line. A second 
reference line fixed in space horizontally must be 
established so deviations in directional heading 
can be measured. This reference line passes 
through the spin axis of a horizontal gyro and is, 
therefore, stablized in space. Since deviations from 
course are measured from this reference line, it 
is established parallel to the horizontal axis of the 
missile as shown in figure 5-10.

Figure 5-10. Horizontal Reference Lino Showing 
Doviation about Yaw Axis

Gyros used for missile applications arc divided 
into two classes: (1) gyros used for stabilizing 
purposes; i.e., control system gyros, and (2) 
gyros used for both guidance and stabilization.

Gyros used for stabilizing purposes alone arc 
usually adaptations of existing gyro structures. A

typical displacement sensing vertical or horizontal 
gyro to be used with external guidance signals 
might have the following characteristics:
• Power—alternating current, 2- or 3-phasc, 400 
to 2000 cycles per second.
• Sensing element—magnetic or capacitive pick- 
off, or precision potentiometer.
• Size—  5- to 6-inch cube, in hermetically sealed 
housing.
• Weight— 3 to 5 pounds.
Such a gyro provides adequate missile stability 
when supplied with guidance signals at a preces
sion rate greater than 1° per minute.

As stated previously, a minimum of two dis
placement sensing gyros arc necessary for missile 
stabilization. When turns or other maneuvers are 
indicated, it often becomes necessary to use a 
3-gyro system with but one sensing axis per gyro. 
Usually 3-gyro systems can use the same gyro 
design in all three positions, reducing production 
and maintenance problems.

Gyros used for both guidance and stability are 
free gyros which depend upon design skill and 
accurate manufacturing techniques to provide the 
necessary space reference. As a class, such gyros 
are usually larger and heavier dian non-guidance 
types. In general a guidance gyro is built around 
a comparatively large, high-speed rotor of tremen
dous angular momentum, supported on micro- 
friction gimbal bearings. A "perfect” free gyro of 
this type, balanced in neutral equilibrium would 
maintain its spin axis in a constant angular posi
tion in space. Two or three such reference axes, 
usually mutually perpendicular, can be used as 
the basis of a guidance system.

R ate G yro

In addition to the control signals supplied by 
the vertical and horizontal gyros, which arc pro
portional to the deviation of the missile, a signal 
proportional to the rate of deviation is required 
for accurate control. This rate-of-deviation signal 
is supplied by a rate gyro. A rate gyro has a re
stricted gimbal, free to rotate about one axis only. 
It is a true gyroscope, conforming otherwise to the 
same basic principles as other gyros. The spin 
axis of a yaw rate gyro is mounted with its spin 
axis parallel to the missile line of flight. A roll 
rate gyro is mounted with its spin axis parallel to
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Figura 5-IT. Musi/e Control Cbonne/ with Rata Gyro and Fraa Gyro

the missile pitch axis, at right angles to the line ui 
flight. A pitch rate gyro Is mounted with its spin 
axis parallel to the yaw axis of the missile, also at 
right angles to the line of flight!

The use of displacement signals alone as a 
means of applying corrective control in a flight 
control system results in a tendency oi the craft 
to yaw or pitch about its desired course. When 
displacement signals are used alone, the applica
tion of control to bring the craft back on course 
results in overcorrection because of the momen
tum of the missile. The control system must have 
not only a means of recognizing the position of 
the craft in space, but also a means of detecting 
the rate of position change. By adding the rate of 
position change signal to the displacement signal, 
the tendency of the craft to overcorrect Is mini
mized and a better degree of stability is obtained.

Present systems of missile stabilization employ 
both free and rate gyros, or a differentiating net
work in conjunction with a free gyro, to provide 
both position change and rate of position change

signals to the control servos. The introduction of 
the rate signals results in good aerodynamic damp
ing. Figure 5-11 shows a functional diagram of a 
system used to sense motion of a missile about its 
control axis. The system is for a missile control 
channel using both a rate gyro and free gyro. The 
sensitivity adjustments set the ratio of the rate 
signal from the rate gyro to the position signal 
from the free gyro. These signals are fed to an 
amplifier which adds the two signals and gives an 
output voltage proportional to their sum. This 
voltage is applied to the servo which positions the, 
control surface in the proper position to drive the 
angle of change and the rate of change to zero.

Figure 5-12 is a functional block diagram of a 
control channel employing a free gyro and a com
puter network. The voltage signal froth the free 
gyro goes to the proportional and derivative chan
nels of the computer. The proportional channel 
consists merely of gain control. In the derivative 
channel the signal is differentiated by an RC net
work and amplified. These two signals are then

i______ - _______ - _______________________________________________________________________ j

Figura 5-12. Control Chonne/ with Fraa Gyro and  Computar Network
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Figure 5-13. Action o f Rato Gyro

combined and fed to the servo. The servo posi
tions the control surface, and the angle of devia
tion is driven toward zero by the response of the 
missile to control surface deflection.

The rate gyro used in the first application is 
similar to a free gyro in that it has a high gyro
scopic momentum while the rotor is spinning. It 
dilTers in that it is free to rotate about one axis 
only and in that it is sensitive only to angular 
rates of movement; that is, angular movement of 
its cradle in excess of a certain rate causes its spin 
axis to change its position in relation to space. 
Such changes occur 90° in the direction of rota
tion from the angular movement applied, and in 
the direction of movement. Figure 5-13 illustrates 
the action of a rate gyro when used in a missile 
control system.

An angular force applied to the cradle at A is 
transmitted through pivot B as a downward force 
at C. This force travels 90° in the direction of 
rotation and causes downward movement at D 
with subsequent precession at E. As soon as the 
angular rate applied to the cradle ceases, restrain
ing springs restore the gyro to its neutral posi
tion. Stops are provided to limit the precession 
of the gyro to a few degrees in either direction.

Rate gyros have proved to be of considerable 
value in high-performance missile applications. 
Three rate gyros, combined with compact elec

tronic integrators, oiler an excellent source of dis
placement reference whenever guidance is not a 
function of the gyro system. Control systems of 
this type arc within the scope of gyro and elec
tronic experience.

Gyroscope Error

As explained previously, random drift in a gyro
scope is that drift caused by bearing friction and 
dynamic unbalance. This type of drift results in 
an unpredictable precession of the gyro. Apparent 
drift in a gyro is that drift which occurs because 
of the rotation of the earth. It is toward the elimi
nation of random drift that designers and manu
facturers of gyros concentrate their efforts.

Many improvements have been made in the 
design of free and rate gyros in the past years. 
These units still have uncertain characteristics 
caused by friction, especially when the gyro case 
is subjected to accelerations. Gyros are delicate 
instruments and cannot stand rough handling. 
Their fine bearing surfaces may deteriorate in 
storage. Nevertheless, under certain conditions of 
missile launching and for the simplest stabiliza
tion system, the use of the free gyro is often re
quired.

One requirement for an ideal missile guidance 
system is that the system be invulnerable to jam
ming signals. Two systems that meet this require
ment are the celestial system and the inertial sys
tem. Both of these guidance systems require gyros 
for basic references. The celestial system must 
have a gyro stabilized platform on which a tele
scope is mounted, and the inertial system must 
have a stabilized platform for mounting acceler
ometers.

Random errors in the order of I “ of arc per hour 
will result in a course error of 60 nautical miles 
per hour of flight. Since the main cause of random 
drift in gyros is gimbal bearing friction, the prob
lem of improving gyro stability is centered around 
the reduction of this friction.

F l o a t e d  G y r o  U n i t . A floated gyro unit is a 
good example of the progress that has been made 
toward the development of more accurate instru
ments for use as guidance gyros in guided missiles. 
This unit, also called the Draper gyro and HIG 
gyro, is a viscous-dompcd, single-degrce-of- 
freedom gyro with a microsyn torque generator
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and a microsyn signal generator mounted on its 
output shaft, The microsyn torque generator 
places a torque on the gyro gimbal.

A single-degree-of-freedom gyro is so called 
because its gimbal is free to rotate with respect 
to the gyro case about a single axis. This axis, 
called the output axis, is perpendicular to the gyro 
spin (reference) axis. The third axis, the gyro 
input axis, is perpendicular to both the spin axis 
and the output axis. If the gyro case is subjected 
to an angular velocity with a component about 
the input axis, a precessions! torque develops 
about the output axis.

Figure 5-14 shows a cutaway view of the in
tegrating gyro unit. The gyro wheel is contained 
within the damper housing. The microsyn signal 
generator and torque generator uniis are mounted 
on the gyro shaft as shown. The space between the 
damper housing and the gyro case is filled with 
the viscous damping fluid of high specific gravity. 
Because of the high specific gravity of the fluid, 
it serves to float the gyro damper housing and 
gyro gimbal shaft, thus reducing the gimbal bear
ing friction. In this way, the random drift result
ing from friction is greatly reduced. Because the 
gyro is supported by the viscous damping fluid, 
the unit is relatively free from the undesirable ac
celeration effects experienced with the usual gyro

construction. This is a decided advantage of. the 
integrating gyro for application to guided missiL >v

The sensitivity of the integrating damper for 
angular velocity input and torque output is a func
tion of the viscosity of the damping fluid, which in 
turn depends on the temperature of the fluid. 
Heaters with suitable thermostatic controls are 
placed in the gyro case around the space contain
ing the damping fluid to keep the fluid at the de
sired operating temperature, maintaining the de
sired damping characteristics.

If this gyro is mounted in a missile so its input 
axis is parallel to the pitch or yaw axis of the 
missile, the torque applied to the output shaft 
would be proportional to the difference between 
the desired angular velocity of the missile and its 
actual angular velocity about the respective axis. 
Since the liquid has the function of integrating the 
torque, the unit can be considered as a combina
tion angular velocity error measuring instrument 
and an integrator in cascade.

A i r  B e a r i n g  G y r o . Another method by which 
random gyro error caused by bearing friction has 
been greatly reduced is through the use of air 
bearings. With this type of bearing, friction is re
duced to a degree so negligible it might be consid
ered a zero component. An air bearing works on 
the same principle as a vacuum cleaner display in 
which a large rubber bail is held suspended in a
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Figure 5-15. Air Bearing Gyro

conical air stream. The basic principle of an air 
bearing gyro is illustrated in figure 5-15.

Another innovation is an air suspension gyro 
in which the entire rotor is supported by pressur
ized gas. Electromatic suspension as well as the 
use of a nucleus of an atom to furnish stabiliza
tion are also being studied.

Perhaps the ultimate in gyros will result from 
experiments being conducted to develop a LASER 
(Light Amplification by Stimulated Emission of 
Radiation) gyro. More detailed information is 
presented about LASER in a later chapter of this 
manual. Basically, the LASER gyro consists of 
counter-rotating coherent light beams. Rotation 
rate can be sensed by the different frequency of 
the two beams. Further development of this prin
ciple will result in a gyro that will have no ran
dom drift and will be extremely accurate.

Gyros: Heart of the Missile Control System
The gyro system is the heart of the missile con

trol system. The function of a gyro system is the 
ultimate actuation of the missile controls to main
tain the missile in a specified attitude.

Accuracy requirements for control system gyros

are not so rigorous as for guidance system gyros. 
On first thought, one might not readily see why 
the displacement gyro used in a missile autopilot 
need not be as accurate as a gyro used in a missile 
guidance system. Closer examination reveals that 
entirely different principles are involved. In the 
case of a guidance gyro, the instrument must give 
an accurate reference of the missile relative to its 
desired trajectory over the earth. In the case of 
the displacement gyro, the instrument must furnish 
a reference to the missile control system relative 
to its flight attitude only.

A vertical displacement gyro can be equipped 
with an erection system to keep it in a relatively 
level position. The erection system must be capa
ble of maintaining the displacement gyro within 
allowable limits necessary for flight attitude ref
erence.

GYRO ERECTION AND SLAVING CIRCUITS

Displacement gyros are controlled or kept erect 
by means of an erection and/or slaving system. 
Vertical gyros are controlled by an erection sys
tem, while horizontal gyros are controlled by both

Figure 5-16. Vertical Gyro Erection System
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a slaving system and an erection or leveling 
system.

Vertical Gyro Erection

A vertical gyro is used to stabilize a missile 
about the pitch and roll axes. Two torque motors 
are provided to maintain the gyro axis erect in 
both planes. A basic vertical gyro erection system 
is represented in block diagram form in figure
5-16. •

The gyro precession sensing device (pickoff) 
may be any one of several types. As an example, 
the pendulous weight type shown in figure 5-17 is 
explained here in detail.

1 July 1972

Four secondary windings are connected in pairs, 
each coil in a pair being phase-opposed. The 
pairs are located beneath a pendulous, ferrous 
metal weight which acts as the magnetic coupling 
between the primary winding and the four secon
dary windings. When the gyro axis is vertical, the 
coupling to each pair of secondary windings is 
equal; but since the coils of each pair are phase- 
opposed, the signal output is zero.

The coils of this transformer-like device are 
wound on the gyro rotor, and the pendulous 
weight is suspended in the shaft of the rotor. 
When the spin axis of the gyro moves away from 
the vertical, the pendulous weight increases the 
coupling to one coil of a pair and decreases the 
coupling to the oth t . The amplitude of the signal 
developed is deteri ined by the amount of gyro 
precession, and the phase if the signal depends 
upon the direction ol prece^on. The signal, which 
may appear across one or both pairs of secon
daries, is then amplified and sent to the appro
priate torque motor, which applies a force to 
cause the gyro spin axis to precess back to the 
vertical position. The pendulous weight is liquid 
damped to prevent excessive oscillations. Figure
5-18 shows the gyro and torque-motor assembly.

The erection amplifier is a conventional ampli
fier capable of increasing the precession signal to 
a voltage large enough to drive the torque motor.

AFM 52-31
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Figure 5-19. G y ro  Erection $y*tem with integrator

The torque motor is generally a 2-phasc. squir- 
rcl-cage type induction motor. Some erection sys
tems may include an integrator loop to correct 
for any dynamic unbalance in the gyroscope. A 
block diagram of such a system is shown in figure
5-19. The precession pickoff feeds a signal to the 
erection amplifier which amplifies it to a large 
enough voltage to drive the gyro torque motor. 
The integrator amplifier also receives the signal 
from the precession pickoft, and its output is ap
plied to a motor which drives the wiper arm on a 
Jiclipot through a large gear reduction. For oc
casional small .errors, the hellpot output is very 
.small. For a constant error, which would result 
if the gyro were dynamically unbalanced, the heli- 
pot is driven long enough to compensate com
pletely for the gyro unbalance. The helipot output 
is fed back to the erection amplifier input and 
appears as a constant signal to the gyro torque 
motor.

Gyroscope Slaving and Erection Systems

Horizontal gyros use a leveling system and a 
slaving system. The leveling system serves to 
maintain the gyro on a level plane, while the 
slaving system permits the gyro to give a direc
tional indication.

The best known reference for slaving a hori
zontal gyro is the earth’s magnetic field. This is 
accomplished by use of a fiux valve which is a 
unit that senses the direction of the earth’s mag
netic field. It consists of a primary coil and three 
secondary coils wound on a metal core. Power 
to energize its primary coil and the signals orig
inating in its secondary coils are transmitted 
through terminals located under a compensator 
which serves as a cover. The fiux valve unit is 
pendulously suspended on a universal joint within 
the bowl and is weighted so that, within limits, it 
continuously responds to gravity. To prevent ex
cessive swinging in flight, the bowl is filled with 
a damping fluid. The fundamental flux valve unit

MISSILE HEADING
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Figure 5-20. Chang#* in F/ux Through Fiux Valve at Heading Chong#*
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is mainly a spider-like core made of laminated 
metal ol high permeability. The core resembles 
a 3-spoke wheel, split through the rim between 
ihe spokes. Note figure 5-20. The hub is widened 
to receive a core about which the primary (ex
citer) coil is wound. The coil is energized by a 
400-Hertz power source. Each spider leg is en
circled by a pickup (secondary) coil and ter
minates in arcs of metal which serve as flux col
lectors.

The flux valve unit functions in this manner: 
As the positive half-cycle of the exciting current 
builds up, it sets up a magnetic field which expels 
the earth’s flux from the spider legs. The expelled 
flux cuts the pickup coils on each leg, inducing 
current in each. As the positive half-cycle of the 
exciting current decays, the earth’s flux, because 
of the higher permeability of the legs compared 
to the surrounding air, is drawn into the legs, 
again cutting the pickup coils and again inducing 
current but of opposite polarity. A half-cycle of 
alternating current produces one full cycle of in
duced current. The negative half-cycle of the ex
citing alternating current reproduces the action 
of the positive half-cycle. Since the exciting cur
rent has a frequency of 400 Hertz, the induced 
current is doubled in frequency to 800 Hertz.

The magnitude of the induced current in the 
pickup coils varies according to the number of 
magnetic lines cutting them. The number of lines 
cutting the coils varies according to the position 
of the individual spider leg with regard to the 
magnetic north. Each pickup coil produces a volt
age of a given magnitude, which is transmitted to 
the corresponding “Y” coils of the flux valve 
synchro in the directional gyro control. The mag
nitude of the transmitted voltage depends upon 
the pickup coil’s position relative to the magnetic 
meridian. This transmission creates a magnetic 
vector, The vector varies in its position across 
the stator in the same relationship as the spider 
legs of the flux valve unit vary in their orienta
tion to the earth’s magnetic lines. The rotor of 
the flux valve synchro, if positioned at right 
angles to this vector, produces no voltage. For 
the purposes of this discussion, such a no-voltage 
condition is referred to as rotor alignment with 
the vector.

The compensator counteracts constant distor
tions originating from magnetic aircraft parts and

1 July 1972

electrical apparatus located in the vicinity of the 
flux valve. The compensator is a flat, compact 
unit which contains four permanent magDets to 
oppose the deflecting forces. The magnets are 
lolntable by means of two slotted shafts. When 
the compensator is attached to the transmitter 
(flux valve), the shafts are clearly identified. One 
shaft has “NS” stamped adjacent to it and the 
other ”EW.” Alignment of the dots on the shafts 
with those on the compensator cover indicates 
that the magnets are in neutral position.

Typ* S-l DirMtlond Gyro Control

A type S-l directional gyro control houses an 
electrically driven gyro. The gyro’s spin is not 
only maintained tangent to the earth's surface, 
but is also slaved to the earth's magnetic field 
for the purpose of furnishing a basic magnetic 
reference to which the magnetic heading of the 
missile can be slaved.

Most of the internal assemblies are supported 
by a frame which is mounted on a cast base. The 
cover, which is transparent to permit reading of 
a compass card, fits over all of the internal as
semblies and fastens onto the base.

The leveling torque motor is of the 2-phase 
induction type and has a vertical torque axis. 
The motor consists of a stator attached to the top 
of the vertical ring and a squirrel cage (rotor) 
secured to the frame of the unit. When actuated 
by a liquid level, which is mounted on the gyro 
housing, the motor returns the spin axis of the 
gyro to the horizontal plane.

The slaving torque motor is likewise of the 
2-phase induction type. It has a horizontal torque 
axis and consists of a stator mounted on the 
gyro housing and a squirrel cage fastened to the 
side of the vertical ring. It is actuated by an 
amplified and phase-detected voltage which 
aligns the gyro to the magnetic heading sensed 
by the flux valve, The voltage originates in the 
rotor of the flux yalve synchro in the directional 
gyro control.

The rotor of the flux valve synchro of the di
rectional gyro control is fixed to the lower pivot 
of the vertical ring and turns relative to its stator, 
which is fastened to the frame of the unit. When 
the system is energized, the transmitter instantly 
establishes a magnetic vector across the stator of 
the flux valve synchro. This magnetic vector is

AFM 52-31
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the resultant of the earth's magnetic lines of force 
as detected by the three transmitter spider legs. 
The flux valve synchro rotor, fixed to the vertical 
ring or outer gimbul of the gyro, may not be 
aligned with that vector. Any misalignment be
tween the rotor and the vector is itself the cor
rective factor, for under this condition voltage is 
continuously generated in the rotor. This voltage, 
after amplification and phase detection, energizes 
(he slaving torque motor until perfect alignment 
between the synchro rotor and the vector is at
tained. The gyro rotates the vertical ring as it 
responds to the precessing force of the torque 
motor. This brings the rotor of the flux valve 
synchro into alignment with the vector, stopping 
generation of voltage in the rotor and halting the 
action of the torque motor. Should the spin axis 
of the gyro drift in azimuth during flight, a similar 
action takes place. Conversely, effective align
ment between the synchro rotor and the vector is 
maintained during turns by the rotation of the 
directional gyro control case, with its fixed synchro 
stator, about the gyro-stabilized vertical ring and 
its synchro rotor. Since the magnetic vector 
sensed by the remote compass transmitter remains 
fixed in space, both the transmitter and directional 
gyro control case effectively rotate about it, main
taining the alignment between the synchro rotor 
and the vector.

During turns, centrifugal forces tend to swing 
the pendulous flux valve unit into the vertical 
component of the earth’s magnetic field. This 
slightly distorts the signals of the flux valve unit. 
Because of the slow precessing response of the 
gyro to these signals, the indications of heading 
remain effectively accurate.

The heading synchro of the directional gyro 
control is located vertically adjacent to the flux 
valve synchro, and the rotors of both are affixed 
to the same vertical ring pivot. The heading syn
chro stator is attached to the frame above the 
flux valve synchro stator. The rotors or stators of 
both synchros move simultaneously, depending 
on whether the vertical ring or the case produces 
the rotation. The heading synchro rotor is ener
gized by a 400-Hertz power supply to produce a 
magnetic field which induces voltages In the “Y” 
connected coils of its stator.

When the missile turns in either direction, the 
flux valve, being fixed to the missile, turns with

it. As it turns, the flux valve spider legs and coils 
also turn and continuously change positions and 
relationships relative to the magnetic meridian. 
Because of these chancing relations!lips, the 
earth's flux penetrates each spider leg in differing 
quantities and tile magnitude of the induced volt
ages in each spider pickup coil continuously var
ies. Correspondingly, it varies in the “Y" con
nected coils of the stator of the flux valve synchro 
in the directional gyro control. New vectors are 
being continuously formed across both the trans
mitter and flux valve synchro stator coils which, 
in effect, rotate relative to these coils as a pointer 
would move over the face of a dial. The direc
tional gyro control case, to which the synchro 
stator is fixed, also rotates with the missile and 
angularly displaces the stator. These magnetic 
vectors, although rotating with respect to the 
stator coils, remain constantly aligned with the 
flux valve synchro rotor which is held rigidly fixed 
in position by the gyro. Under such conditions, 
misalignment can occur only if the gyro drifts.

The slaving amplifier used performs two func
tions: (1) it amplifies the signal of the rotor of 
the flux valve synchro in the directional gyro con
trol; (2) it detects its phase, controlling the di
rection and amount of torque in the slaving torque 
motor. Figure 5-21 shows a typical slaving system.

The second type of sensor to be presented in 
this chapter is the altitude sensor.

ALTIMETERS: SENSOR UNITS 
FOR MEASURING ALTITUDES

Instruments used to measure altitude are called 
altimeters. Two main types of altimeters are pres
sure altimeters, which gave an approximate true 
altitude from which a more accurate value can be 
calculated, and absolute altimeters or radio altim
eters, which give absolute altitude directly.

Altitude refers to the height of a vehicle in the 
air. Altitude is defined as vertical distance above 
some point or plane used as a reference. There 
may be as many kinds of altitude as there arc 
reference planes from which to measure.

Pressure Altimeter

A pressure altimeter is simply a mechanical 
aneroid barometer, registering atmospheric pres-

5-16



1 July 1972 AFM  52-31

Sh k I >
Vf. ’ ••' iv$

. i p i
M i . & s ? $ $ $ $ % & $ * & . "--.'j

. C O M P A S S  
' !'j  AMPLIFIER

rv-

Figure 5-21. Basic Functional Diagram of S laving System

sure on a scale calibrated in terms of altitude in
stead of inches of mercury. It consists of a small, 
airtight chamber from which most of the air has 
been removed. The pressure or weight of the out
side air tends to collapse the chamber, but this 
tendency is resisted by a spring. As the atmo
spheric pressure increases, the chamber is com
pressed; as the pressure decreases, the chamber 
is expanded by the spring. This slight motion is 
magnified mechanically, and is registered in terms 
of the altitude that would produce a correspond
ing change in pressure under standard conditions.

The pressure altimeter, although calibrated in 
feet, actually measures atmospheric pressure at 
flight level and interprets this value in terms of 
feet above a certain pressure level. If the pressure 
were constant for each level of altitude, an altim
eter could be designed to indicate the true altitude 
corresponding to each pressure. But since the 
pressure docs not remain exactly constant at any
one level, the altimeter cannot indicate true alti
tude directly.

As a compromise, the altimeter is designed to 
indicate changes of altitude as the pressure varies 
according to an arbitrary rate. This arbitrary rate 
is called the standard pressure lapse rate. For any 
change of pressure, the altimeter indicates the 
corresponding change of altitude according to the 
standard pressure lapse rate.

The pressure altimeter is designed to measure 
altitude from 28.00 inches to 31.00 inches of mer
cury above any one pressure level. Whatever 
pressure is set in the window on the dial face is 
the pressure level above which the altimeter 
measures standard altitude.

Accurate absolute altitude is an important req
uisite for good navigation and bombing. Absolute 
altitude can be computed from the pressure al
timeter readings, but the results are often unreli
able. Under changing atmospheric conditions, 
corrections applied to obtain true altitude arc only 
approximate. Besides, any error made in de
termining the terrain altitude results in a cor
responding error in the absolute altitude. Such an 
error in absolute altitude makes ground-speed by 
timing unsatisfactory for dead reckoning at low 
altitudes.

An altimeter cell is an electrical application of 
a barometer for determining altitude. An altimeter 
cell detects changes in altitude and converts this 
information into an electrical signal. The unit 
consists of a filament of fine platinum wire, heated 
by an electric current and enclosed in a vented 
envelope. The vent is always connected to a static 
pressure line. When the altitude or static pressure 
changes, the rate at which the filament can re
lease its heat changes, and the temperature and 
resistance of the filament also change. This char-
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Figure 5-22. Altimeter Cells in Bridge Network

ncteristic is utilized by connecting the filament 
as an arm in a Wheatstone bridge. Usually two 
cells are placed in the bridge as shown in figure
5-22. One cell is vented and one sealed, to com
pensate for surrounding temperature changes. The 
signal output of the bridge is proportional only to 
pressure changes since both cells change with 
temperature while only one changes with pressure.

An altimeter cell measures altitudes as high as
500,000 feet. This wide range gives the cell an 
advantage over a mechanical aneroid. Another 
advantage of altimeter cells over a mechanical 
aneroid is that a unit consisting of two cells is 
quite compact, the height of each individual cell 
being only 1 Vi inches.

Radio Altimeters

Frequency-modulated radio altimeters have 
been in common use on many types of aircraft 
for some time. These altimeters can be used to 
keep a missile at a preset altitude automatically. 
It is also possible to use the radio altimeter as a 
proximity detonating device for missiles.

In frequency-modulated radio altimeters, a 
transmitter radiates toward the earth a wave

which is frequency-modulated by a symmetrical 
triangular modulating voltage. The reflected en
ergy is received on a separate antenna and is com
bined with energy taken directly from the trans
mitter. A difference frequency which depends 
upon the altimeter characteristics and the height 
of the missile is generated.

The difference frequency is amplified, and the 
resulting AC voltage is fed to a counter. The 
plate current of the counter is proportional to the 
altitude, and a current meter in this circuit serves 
as the altitude indicator. A simplified block dia
gram of a frequency-modulated radio altimeter is 
shown in figure 5-23.

TRANSDUCERS: SENSOR UNITS FOR DETECTING 
CHANGES IN AIRSPEED AND ALTITUDE

A transducer is defined by Webster as “a device 
actuated by power from one system and supply
ing power in the same or another form to a second 
system." In most missile applications, the trans
ducer is used to change a mechanical action 
caused by a pressure change into a reference volt
age proportional to the mechanical change. This 
is accomplished by linking the mechanical action 
to a wiper arm on a linear potentiometer. In the 
missile field, a transducer is used as an end in
strument of the telemetry system. Transducers 
are the components used to translate changes in 
airspeed and altitude into electrical control sig
nals.

An airspeed circuit is used to maintain desired 
constant indicated airspeed of a missile. Changes 
in airspeed may be accomplished either by chang
ing the throttle setting or by changing the pitch 
attitude of the missile. The airspeed transducer 
may consist of a bellows mechanically attached 
to the wiper on a .linear potentiometer (pot) or

T R AN SM ITT IN G  RECEIV ING
A N T E N N A  A N T E N N A

Figure 5-23. FM Radio Altimeter
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Figaro 5-24. Resistor Bridge-Type Airspeed  
Transducer

a bellows mechanically attached to the rotor or 
stator of a selsyn. The bellows is actuated by ram 
air pressure. As the airspeed changes, the bellows 
changes (expands or contracts) causing a change 
in the setting of the pot wiper or selsyn rotor, or 
stator, The potentiometer type of airspeed trans
ducer is generally used in a bridge type circuit as 
illustrated in figure 5-24.

The wiper of potentiometer R( is attached to 
the bellows and is repositioned on the pot when
ever air pressure changes occur. The wiper of 
potentiometer Rj is adjusted at a point on the 
pot in such a way that the bridge will be balanced 
at the desired reference airspeed.

The bridge balancing operation is performed 
before the missile is launched by applying ajr 
pressure equivalent to the air pressure of the ref
erence airspeed. The wiper on R* is fixed at this 
particular point by means of a set screw or similar 
device.

Figure 5-25 shows a selsyn-type airspeed trans
ducer. The stator of the selsyn is mechanically 
connected in such a way that expansion or con
traction of the bellows causes a rotation of the 
selsyn stator.

Once a sensor unit detects a change in the atti

tude of a missile, the newly acquired intelligence 
must be transmitted in a useful form. Pickoffs 
serve this purpose.

PICKOFFS: DEVICES THAT MAKE INTELLIGENCE 
OF SENSOR UNITS USEFUL

A pickoff is a device which produces a useful 
signal from the intelligence developed by a sen
sor. This signal must meet the particular require?- 
ments of the servo loop it is serving (as to phase, 
amplitude, loading effect, etc.).

The sensing devices pertinent to the attitude 
control of a missile generally make use of an 
angular or linear displacement proportional to 
some quality being measured or to the difference 
between the amount of the existing quality and 
some desired amount needed for operation. The 
physical dimensions of the displacement will vary; 
each variation requires different types of pickoffs 
to meet different needs in the servo loop.

The pickoff must first have an output sense. 
That is, it must be able to distinguish the direc
tion of the displacement and produce a signal 
indicative of the direction. In electrical pickoffs 
this is frequently done by using a phase or polar
ity difference. The ideal pickoff should also have 
a maximum output for a minimum movement of 
the pickoff. It should have a linear output. It 
should also have a minimum torque or friction 
loss which would be reflected back to the sensor 
element.

Small size and lightweight construction are ad
ditional requirements imposed on pickoffs to be 
used in missiles. Pickoffs also should have a fine 
null range, and electrical pickoffs should have no 
phase shift through a varying displacement,
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A number of pickoffs have been used or ex
perimented with in missile control systems. The 
majority of these are electrical. Pneumatic de
vices have been used in some systems in which 
it was desired to keep electrical components to a 
minimum, but they have not proven too satisfac
tory and are not considered here.

Of the electrical pickoffs generally in use, the 
following are the most common:

• Selsyn.
• Potentiometer.
• Reluctance.
• Capacitance.
Each of these is found with variations to make 

it suitable to specific applications In which its 
particular characteristics are needed.

Selsyn Pickoffs

A selsyn pickoff (also called synchro, autosyn, 
microsyn, etc) usually consists of a pair of selsyns

wired as a generator and a control transformer. 
They give an accurate electrical identification of 
angular movement, can be made small and light, 
and have a constant phase for a varying displace
ment. They lack sensitivity for minute variations 
in displacement.

Two typical selsyn pickolf systems are shown 
in figures 5-26 and 5-27. When a selsyn generator 
and a selsyn control transformer are properly 
connected, they form a complete pickolf system. 
As shown in figure 5-27, a differential selsyn may 
be included between the generator and control 
transformer. The application of the differential 
selsyn is explained in detail later.

Both schematics represent the electrical zero 
position. For a control transformer, electrical zero 
is defined as that position of the rotor in which 
no voltage is induced in the rotor windings from 
the stator windings. This condition occurs when 
the axis of the rotor is perpendicular to the axis 
of the Si winding.

Operation of a Control T ransformer. A 
control transformer and a selsyn generator arc 
connected in the electrical 2ero position. Note the 
rela/ive positions of. the two rotors in the accom
panying diagrams. No voltage is induced by the 
Si coil since the rotor and coil are perpendicular. 
The currents of the S* and coils arc equai and 
opposite and induce voltages in the rotor which 
are equal and opposite. The net effect is that no 
voltage is induced in the rotor in this position.

When the shaft of the control transformer is 
turned 90" clockwise. or counterclockwise, the 
position of Si and the rotor is such that maximum 
voltage is induced in the control transformer

Figure 5-27. Selsyn Hookup with Differential
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rotor. The currents in the S* and S3 coils are 
equal and in the same direction, and they induce 
voltages in the rotor which are equal and of the 
same polarity. The net result is that maximum 
voltage is induced in the rotor in these positions, 
and the induced voltage is either in phase or 180* 
out of phase with the voltage of the rotor of the 
selsyn generator.

The output voltage obtained from a control 
transformer is called an error signal, because the 
magnitude and phase of this voltage are an indi
cation of how much and in wbat direction the two 
rotors are out of correspondence. Turning the 
rotor of the control transformer so that its posi
tion is perpendicular with that of the generator 
rotor cancels or nulls the error signal. This posi
tion is sometimes referred to as the null position. 
The ordinary selsyn pickoff system has a wide • 
null position; that is, it lacks sensitivity for very 
small displacements. For this reason 2-speed sel
syn systems are often employed to increase their 
pickoff sensitivity.

Two-Speed Selsyns. In a 2-spced selsyn sys
tem, the fast selsyn of the pair is mechanically 
attached to the slow selsyn through a stepdown 
gear train as shown in figure 5-28A. With an ap
propriate relaying arrangement, the error signal 
can be picked off the fast speed selsyn during

small displacements of the rotor shafts. When the 
error signal exceeds a certain preselected value, - 
the relay positions change, and the error voltage 
then is taken from the slow selsyn rotor. Sensi
tivity is thus increased since the fast selsyn mea
sures an appreciable angular displacement for 
small displacements of the slow selsyn.

Another type of 2-speed selsyn system does not 
require any switching or relaying between selsyns. 
This system, shown in figure 5-28 B, uses the 
characteristic curve of a selenium rectifier for for
ward resistance versus voltage applied. As shown 
in figure 5-29, the resistance of the rectifier is 
high for small voltages and decreases as voltage 
is increased.

When the angular displacement of the slow

Flgur* 5-29. Rtsisianc* vs Vo (tag* Curv* of 
Sahnlvm RadHlar
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selsyn rotor is large with respect to the null posi
tion, the slow selsyn error voltage is large. This 
voltage is divided between the selenium rectifier 
and the resistor. Since this voltage is large, the 
resistance of the selenium rectifier is small in 
comparison to that of the esislor. Most of the 
voltage drop is across the resistor. The fast selsyn 
output can be large or small at this time since it 
cycles several times for each revolution of the 
slow selsyn. The fast selsyn output voltage is limit
ed by the selenium rectifier Si and resistor Ri to 
2 or 3 volts. The output voltage to the succeeding 
circuit is the sum of the voltage across R2 and St. 
As long as the slow selsyn error output voltage 
is greater than 2 or 3 volts, it predominates over 
the total servo output voltage. As the system 
comes closer to its null position, most of the slow 
selsyn output is dropped across S2.

figure 5-30. Differential Selsyn

When the system is 3° or 4° from null position, 
the slow selsyn voltage across Rs is so small that 
it contributes little to the error signal. The error 
signal is essentially that of the fast selsyn alone.

D i f f e r e n t i a l  S e l s y n s . A  differential selsyn 
performs the same function electrically that a 
mechanical differentia] performs in a mechanical 
system. The differential in a mechanical system 
connects three shafts so one shaft turns an amount 
which is equal to the difference between the 
amounts that the other two turn. A selsyn differ
ential generator subtracts two inputs, and a sel
syn control transformer indicates the difference 
between the two inputs. The action of the differ
ential selsyn can be reversed so that two inputs 
are added by a control transformer.

The stator of a differential selsyn is similar to 
that of an ordinary selsyn. It consists of three sets 
of Y-connected coils wound in slots. The slots are 
spaced 120* apart around the inside of the field 
structure. The rotor of the differential is complete
ly different from that of the ordinary selsyn as 
shown in figure 5-30. It is cylindrical in shape and 
has three sets of Y-connected coils wound in slots 
which arc spaced 120* apart around the circum
ference. Three slip rings connect the rotor leads 
to the external circuit as in the ordinary selsyn. 
In the electrical zero position, the rotor coils Ri, 
R 2, and R* are turned so that they are aligned with 
the stator coils Sw S2, and S3, respectively.

Like the ordinary selsyns, the differential op
erates on the transformer principle. The stator

Figure 5-3 T. Transformer Action in Differential Selsyn
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acts as the primary; the rotor, as the secondary of 
a 1 to l transformer. Because of the air gap, more 
turns are wound on the rotor coils than on the 
stator coils to achieve the I to 1 ratio. The stator 
must always be used as the primary and the rotor 
as the secondary of a dilTerential selsyn.

The transformer action of a differential selsyn 
is illustrated in figure 5-31. Assume that both 
rotors are in the electrical zero position, the stators 
arc connected as shown, and the rotor of the dif
ferential selsyn is open. Since the stators are con
nected together and are in parallel; the voltages 
in both sets of stators are equal to each other and 
are in phase. The stator voltages of the differen
tial, through transformer action, cause similar 
voltages to be induced in each of the rotor wind
ings.

If the rotor of the differential were turned to the 
15° position and the rotor of the selsyn generator 
remained fixed, the stator voltages would be equal 
as before. The voltages induced in the rotor coils 
of the differential are less because all of the flux 
from each stator winding no longer cuts its cor
responding rotor winding,

A differential selsyn receives two inputs. One is 
electrical, and the other is mechanical. It sub
tracts one input from the other and transmits the 
difference.

Potentiometer Piekoffs

A potentiometer is a tapped resistor in which 
the position of the tap can be altered by some 
type of mechanical control. The standard high 
resistance potentiometer used in communications 
circuits uses a resistance element consisting of a 
thin film of carbon deposited on some insulating 
material. This element is not practical for servo

use because the resistance of such a carbon film 
changes with wear and with variation in tempera
ture and humidity. Since a more rugged type is 
required, the potentiometers used in servos gener
ally use resistance elements consisting of a num
ber of turns of resistance wire.

A potentiometer pickoff can be mounted in any 
position and works well in bridge-type control 
networks. It usually has a large loading effect up
on the network. It also lacks sensitivity for minute 
variations in displacement which limits its appli
cation to certain sensors.

The degree of complexity of the bridge net
work depends upon factors other than the pick
off. All are variations of the same basic bridge 
circuit shown in figure 5-32.

An output voltage is not developed when the 
potentiometer (AB) is arranged in a bridge net
work, and the wiper is at position C with the re
sistance equally divided on each side of the wiper. 
An output voltage is developed when the wiper 
is displaced some distance (X) to position Ci.

Since the potentiometer is attached to the sen
sor so its displacement is the distance “X,” the 
output voltage varies directly with the displace
ment.

C o n v e n t i o n a l  P o t e n t i o m e t e r s . Most po
tentiometers used in servos are essentially the 
same, consisting of wire resistors and movable 
sliding contacts. In the conventional type wire- 
wound potentiometer shown in figure 5-33, the 
resistance wire is wound on an insulating strip. 
The strip, together with the wire, is called a resis
tance cord. The card is bent so that it forms an 
arc of nearly 360° and is mounted so that the 
slider makes contact with the winding along one 
edge of the strip. The slider usually can rotate
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Figure 5-32. fiajic Bridge Ne/worJr using Polt/ifio/neter
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Figurm 5-33. Wire-Wound Potentiometer

continuously, but it loses contact with the resistor 
over a small arc.

In servo usage, a potentiometer should be 
thought of as a variable voltage source rather than 
as a variable resistor since an input voltage is ap
plied to the resistance element and a fraction of 
this voltage appears as the output between the slid
er and one end of the resistance. Unfortunately 
the output of a potentiometer does not change 
smoothly as the slider is moved. Instead, the out
put voltage changes in jumps, each jump being 
equal to the voltage difference existing between 
adjacent turns of wire. A potentiometer having 
1000 turns of wire on the resistance element is 
said to have a resolution of 1 part in 1000 or a 
resolution of 0 .1 percent. A resolution of 0.1 per
cent means that the smallest change in the output 
voltage is 1/1000 of the input voltage.

Figure 5-34. Heiipot (thawing resistance ment 
wound In helix)

To improve the resolution, the resistance ele
ment is sometimes wound in a helix as shown in 
the helipot illustrated in figure 5-34. The slide 
may make as many as 10 turns in covering the 
whole element, and although this construction 
allows many more turns on the resistance element, 
it has the disadvantage that the slider cannot ro
tate continuously. Since the change in voltage 
along the resistance element is proportional to 
the change in resistance, it is simple to make a 
nonlinear potentiometer by using a nonuniform 
resistance card.

I n d u c t i o n  P o t e n t i o m e t e r . An induction po
tentiometer is similar to a selsyn but has only a 
single rotor winding and a single stator winding. 
By shaping the pole pieces, it is possible to make 
the output voltage of such a unit proportional 
to the shaft angle rather than the sine of the 
shaft angle over a limited range. The induction 
potentiometer is more complicated than a con
ventional potentiometer and can be used only with 
alternating current. It has higher resolution than 
most wire-wound potentiometers.

M i c r o s y n . A microsyn, as shown in figure
5-35, is used occasionally as an induction po
tentiometer. There are no electrical connections 
to the rotor; consequently, there arc no brushes. 
The magnetic field of the input windings magnetize 
the iron rotor. The magnetic field of the iron rotor 
then induces voltage in the output windings unless 
the rotor is in its zero position. Over a limited 
range, the output voltage is proportional to the 
displacement of the rotor. The microsyn, like

Input
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other magnetic dements, requires alternating 
current.

P o t e n t i o m e t e r s  i n  B r i d g e  C i r c u i t s . Po
tentiometers are sometimes used in bridge circuits 
to derive a signal proportional to direction and 
magnitude of deviation in all three control axes. 
For a brief analysis of resistance bridges, refer 
to the bridge in figure 5-36. Equal resistances Ri 
and R* are connected in series across a DC 
voltage source. Also connected in series across 
this voltage source are equal resistances Ra and 
R<. Ra and R< are in parallel with Ri and Ri. Since 
ft i and Ri are of equal value, applied voltage is 
divided equally across them. In a similar manner, 
the voltage drop across Rs is equal to that across 

In this drcuit then there is no voltage differ
ence between points A and B.

The bridge circuit is essentially the same If the 
resistances are replaced by two. potentiometers, 
one in each branch of the circuit as shown in fig
ure 5-37. When the potentiometer wipers are

POT

figure S-37. DC Bridge Grcirff with Potentiometers

placed on the exact electrical centers of the resis
tances, the voltmeter shows no voltage difference 
between points A and B. When wiper A is moved 
to the left, as shown in figure 5-38A, the bridge 
becomes unbalanced, and voltage difference ex
ists between wiper A and wiper B. The amount 
of voltage recorded is in proportion to the dis
tance which the wiper has moved across the 
winding, provided the resistance of the winding 
is distributed uniformly from one end to the other. 
When a balanced bridge network is used for con
trol purposes, the voltage which is developed at 
the wiper when the bridge is unbalanced is called 
a control signal.

If the potentiometer wiper B is moved across 
the winding in the proper direction and the proper 
amount, the bridge circuit can be rebalanced with
out returning wiper A to its original position, This 
fact is demonstrated in figure 5-38B. Potentiom
eter B has produced a control signal in the op
posite direction, and this signal has balanced out 
the signal supplied by potentiometer A. The polar
ity shown by the voltmeter when the bridge is 
unbalanced depends on the direction of movement 
of potentiometer wiper A.

The simple bridge circuit described in the pre
vious paragraphs is energized by direct current. 
The direction of the control signal is indicated by

Flgvr* 5-38. Unbalanced Bridge Supplying Control 
Signal and Rebalanced Bridge
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F ig v f  3-39. tn itno lly  Operated R«/ucfonc« Pickoff

the polarity at the voltmeter. In actual practice, 
it is more practical to energize the bridge with 
alternating current. The direction of the • mtrol 
signal in an AC bridge circuit must be determined 
by the phase of the alternating current.

Variable Reluctance Pickoffs

Variable reluctance pickoffs have been used 
extensively. Such pickoffs have been used with 
sensors which have small displacement values or 
oscillatory movements. They give the largest out
put per unit displacement and with a minimum 
loading effect, but they also require stable oscil
lators, making space and weight demands on the 
missile.

A number of types of reluctance pickoffs have 
been developed. Since reluctance pickoffs require 
an oscillating voltage for their operation, they 
can be classed by the method used to supply this 
voltage. An internally oscillated pickoff is illus
trated in figure 5-39. The figure shows a rate gyro 
rotor and its reluctance pickoff. The pickoff con
sists of an E-shaped metal mass with colls wound 
around its extremities and a permanent magnet 
located in the center. The gyro rotor is a ferrous

material which has been slotted and the slots re
filled with brass to restore the lost weight.

The magnetic force set up by the magnet causes 
a flux to flow through each end of the pickoff 
mass, through the gyro rotor, and back into the 
magnet. The gyro rotation causes regular varia
tions in the reluctance of the flux paths as the brass 
or ferrous metals pass over the end pieces. This 
causes a regular variation in flux density to be 
established, inducing an AC voltage in the coils. 
The voltages in the coils cancel each other out.

When the gyro precesses, the air gaps at each 
end vary oppositely in proportion to the accelera
tion and cause different voltages to be induced in 
the coils. The difference in these two voltages is 
then proportional to acceleration, and after being 
rectified the difference is the signal voltage. The 
output phase shows up here as a difference in 
polarity.

Another type of reluctance pickoff, shown in 
figure 5-40, consists of a stator containing two 
pairs of coils mounted in space quadrature. One 
pair of coils is supplied with a constant amplitude 
AC voltage from a reference oscillator. Voltage 
is induced in the second pair of coils through a 
split iron core rotor coupled to the gyroscope gim- 
bal. As the angle between the rotor aad the pickoff 
coils changes because of variations in missile atti
tude, the amplitude of the AC voltage induced in

Figure 3-40- Externa/// Operated Re/ucfance Pickoff
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the pickoff changes proportionally. The phase of 
the voltage induced differs by 180®, depending 
upon the direction of the missile attitude change 
from the -zero position.

Capacitance Pickoff s

This presentation of pickoffs is concluded with 
a brief mention of capacitance pickoffs. A variable 
capacitance pickoff, shown in figure 5-41, makes

• Figure 5-41. Capacitance Pickoff

use of a movable capacitor pfate located between 
two fixed plates. Upon movement of the center 
plate by the sensor unit, the capacities of the two 
condensers are varied and their output, when 
wired into the appropriate circuit, is useful. This 
pickoff is extremely sensitive.

S E N S O R  U N IT S )  T H E  S E C O N D  R E Q U I R E M E N T  

. O F  M IS S IL E  C O N T R O L  S Y S T E M S

This section has covered the second require
ment of a missile control system — sensor units. 
Gyroscopes, altimeters, and transducers provide a 
means of detecting error information, any depar
ture of a missile from the desired reference.

The next section is concerned with computer 
units which help to satisfy the third requirement 
of an automatic control system. Computers, alonjj 
with other types of units, convert error informa
tion into a form that can be used to regulate the 
controlling devices of a missile.

SECTION B 
Computer Until

Up to this point, methods of detecting various 
missile deviations from desired conditions have 
been presented. These deviations arc detected by 
means of the sensor block operating with the 
reference block. The output of a sensor is refer
red to as an error, which represents an existing 
missile deviation from desired conditions. The

most important deviations are changes in missile 
attitude. Other conditions — such as changes in 
missile airspeed, altitude, angular acceleration, or 
forward and sideward acceleration — also can be 
detected. Deviations from a desired condition may 
be caused by changing winds, changing air pres
sure, and/or changing engine thrust.

Although the output of a sensor represents a 
situation which must be corrected, this output 
seldom goes directly to the actuator which effects 
a missile change. The error signal must first be 
“operated” on and amplified. This operation con
sists of changing the signal to represent the addi
tional information required for proper control 
functioning. The operation is represented by the 
“computer1' block which follows the sensor block 
in figure 5-3.

A computer in a control system is comprised 
of three general types of components, which are 
mixers, integrators, and rate components.

M IX E R S

A mixer is any circuit or device which combines ' 
information from two or more sources. Every 
missile control system, which operates as shown 
in the basic block diagram in figure 5-3, must 
combine several signals. A followup signal is com
bined with the sensor error signal. A rate or in
tegral signal, which is produced within the com
puter, is often combined with the sensor error 
signal. In some missiles several inputs are mixed 
together. This mixing occurs when the required 
aerodynamic reaction depends on more than one 
variable. For example, a system may be control
ling the pitch of a missile. Pitch can be influenced 
by missile attitude, altitude, and airspeed. A sep
arate sensor and reference is used to detect each 
of the three variables. Ail of these signals are 
mixed together so each variable has the required 
influence on the pitch actuator.

Requirements of Mixers

To function properly, a mixer must combine 
signals In the correct proportion, phase, and am
plitude. If a followup signal is combined with an 
attitude signal, the followup signal must be of a 
certain strength as compared to the error signal. 
This proportion can be indicated by means of 
weighting factors. Such a means determines the
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Figure 5-42. ParalM  Mixer Circuits

comparative weight or influence of a signal. Sup
pose that three signals — X, Y, and Z are to be 
summed and that only one-third of Y and one- 
half of Z should be used as compared to the 
strength of signal X. One-third of Y and one-half 
of Z are weighting factors.

A sensor signal must produce action in the de
sired direction. The phase of a followup signal 
must be such as to have a counteracting effect 
on the output The total output must be of proper 
amplitude for the right amount of control. Nor
mally the signals either add or subtract, although 
other functions can be performed. These process
es which are necessary for proper mixing can be 
considered a computer function.

The type of mixer used depends mostly on the 
type of control system. For example, most sys
tems are basically electronic; therefore, most mix
ers are electronic. Mixers also may be mechanical, 
pneumatic, or hydraulic. These types are ex
plained on the following pages. A knowledge of 
different types of mixers will help you to recognize 
a mixer function in missile circuitry. Such knowl
edge also will help you to analyze mixer malfunc
tions which may occur.

Electronic Mixon

Fundamentally,, the principles of any electrical 
mixer reduce to basic network and vacuum tube 
theory. Mixers consist either of an impedance 
network of resistors, inductors, and capacitors or 
of several vacuum tube stages. The Information 
to be combined is represented by the amplitude 
and phase of each voltage.

Mixers combine voltages from such sources as 
the output from pickofis, rate components, inte
grators, followup generators, or guidance circuits. 
Whatever the sources, they are indicated in the 
following diagrams by the standard symbol of an 
AC generator.

Electric signals in a control system are usually 
AC. These signals are then changed to DC before 
they are applied to the actuators which move the 
control devices.

The phase of the AC signals determines the 
sense. If a certain two signals must make the 
same effect on a redder; they must be In phase in 
the mixer. Occasionally, capacitors or inductors 
are necessary to alter the phase of signals so that 
they will mix in exactly the correct phase. If DC 
signals are used, they must be mixed with the 
proper polarity.

Parallel M ixing. The simplest method to 
combine voltages is to apply them across a com
mon impedance by means of a junction. The 
voltage sources are effectively in parallel as shown 
in figure 5-42A.

This circuit is normally altered in actual prac
tice. The change consists of an added impedance 
in each branch as shown in figure 5-42B. These 
added resistors reduce the voltages applied to R«. 
In analyzing a circuit, such resistors usually are 
called attenuators. '

Actually, there are three possible reasons for 
these resistors.
• First, they reduce the current flow from the 
sources when an increase in the resistance of R» 
is not feasible. This reduction of load current de
creases the power consumption and sometimes
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makes the output of the pickoffs (voltage sources) 
more linear.
• Second, these resistors allow the adjustment of 
the amount of signal which should be applied to 
R0. Such adjusting makes possible the mixing of 
the signals in the proper ralio (or with the proper 
weighting factors), a condition which is important. 
To alter a pickoff output by using a series resistor 
of a certain value is often easier than to acquire 
a pickoff with a certain output.
• Third, these added resistors reduce errors 
caused by coupling between the signal sources. 
This coupling is produced by current from one 
source changing the voltages which would nor
mally be produced by the other source. Such an 
error occurs from a source in which the internal 
impedance varies, such as a potentiometer pickoff 
or an inductance pickoff in which the Inductance 
field builds up with current flow. The cause of this 
error can best be understood after a review of the 
superposition theorem.

The operation of a circuit with many voltage 
sources generally is much harder to visualize than

•

the operation of one with just a single generator. 
One of the best ways to visualize the former type 
is by the use of a standard electrical law of oper
ation, the superposition theorem: If a network of 
linear impedances is energized by two (or more) 
generators, the current or voltage at any specified 
point in the network is expressed as the sum of 
the voltages or currents that each generator would 
produce if it alone were connected to the network 
and if the other generator were replaced by Its 
internal impedance. This theorem can be applied 
in analyzing the circuit in figure 5-43.

The circuits in figure 5-44 are a breakdown of 
the circuit in figure 5-43. The breakdown will help

Figure 5-43. Si'mp/a Network with Two Voltage
Sourcei

you in considering separately currents and voltages 
from each source. The electron flow indicated by 
the arrows results from assuming an instant when 
the polarity of the AC generator is as shown. In 
each case the flow represents current due to a 
single voltage. When the circuit is considered with 
both voltage sources, the actual current in each 
path is the vector sum of the components that 
would result from the sources considered sepa
rately. The vector sum is the result produced when 
voltages combine in a manner that depends upon 
the amplitudes and phase differences.

The application of the superposition theorem 
proves that the circuit in figure 5-43 can be used 
as a mixer and that the series resistors can be used 
to adjust the ratio of the signals. The total voltage 
across R0 depends on the total current. Since the 
total current is the vector sum of the branch cur
rents, the output voltage depends not only on the 
strength of the voltage sources but also on the 
impedance in each branch.

As mentioned before, changes in internal im
pedance of pickoffs which are interconnected may 
result in signals of incorrect amplitude. Suppose 
a potentiometer pickoff signal is combined with a 
signal from source A as shown in figure 5-45. 
The current developed from source A depends on 
the total impedance in the circuit. When this im
pedance is varied by movement of the potentiom-

A 5

Figure 5-44. Onuti Breakdown (considering each applied voltage separately)
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Figure 5-45. Circuit with Variable im pedance input

The sum of all voltage drops and rises around 
a closed loop must equal zero. In the basic circuit, 
the voltage across R» is the sum of the generator 
terminal voltages. In the actual circuit, voltage 
across R„ is the sum of the voltages across the 
resistors labeled R.

R e s i s t a n c e  B r i d g e  M i x e r . A  resistance bridge 
network mixes position information from two 
sources. Suppose that position information of a 
gyro and a control surface must be detected and 
combined. Two sliding contacts are used in the 
bridge, as shown in figure 5-47. One contact is

eter, the current from source A varies. The vary
ing of the current changes the source A voltage 
applied to R«>, even though the cause of the change 
docs not represent a change of the information 
represented by voltage A,

If a resistor were inserted at point X, the cur
rent variation due to movement of the potentiom
eter would be reduced. There would be less effect 
on the signal voltage at source A.

S e r i e s  M i x i n g . Voltages also are combined by 
applying them In series with a common load, as 
shown in figure 5-46A, basic series-type signal

Figure 5-46.

mixer circuit. A disadvantage of this method is 
that all the load current must flow through each 
source. This fundamental circuit is normally al
tered as shown in figure 5-46B. The resistors are 
included for the same three reasons as in the case 
of parallel-type mixers.

Figure 5-47. Mixing Two Srgnoh using Resistance
Bridge

mechanically connected to the gyro gimbal and 
one to the control ’surface. Physically, the poten
tiometers may be located quite a distance apart. 
The bridge serves the purpose of two electrical 
pickoffs and a mixer.

The purpose of the circuit is to mix a voltage 
proportional to gyro displacement with a voltage 
proportional to control surface position. These 
two particular signals are often combined in sys
tems since one signal represents the input error 
signal, and the other is the followup signal. The 
potentiometers are adjusted so that the bridge is 
balanced if the missile is in the proper attitude and 
the control surface is streamlined. No signal is 
sent to the amplifier to cause a correction. Assum
ing an instant when the polarities of the AC volt
ages are as shown, the voltage across AB is ex
actly cancelled by BC, so Em is zero.
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If the missile deviates, a voltage proportional 
to the distance the upper slider moves (AA') is 
jpplied to the amplifier (assuming a linear pot 
jnd no load current flowing to the amplifier). At 
that instant, the voltage is negative. If the missile 
is in the correct position but the control surface 
is not yet streamlined, a voltage proportional to 
the distance the lower slider moves (C C ) is ap
plied to the amplifier. It is positive at that instant. 
Normally, both actions occur at the same time, 
and the voltage applied to the amplifier is the 
resultant of the two voltages. In this application, 
the mixer performs a subtraction since the signals 
caused by the displacements tend to cancel out. 
The resultant Eu, is negative since the deflection 
of the upper pot is shown greater than that of the 
lower pot. (The control surface would then be 
deviating further from streamline.) That the re
sultant would be negative can be shown by the 
voltage equation for a closed loop. Starting at the 
grounded input terminal, Ei*-E,b +  Ebc=0. The 
weighting factors depend upon the mechanical 
linkages and on any resistors which are added to 
the bridge circuit.

Impedance networks often are used to divide a 
signal among more than one load. The same prob
lems and network analysis apply to the separation 
of signals as apply to the combination of signals. 
The problem becomes more involved when these 
loads are fed by other signals since a network 
must be designed to “decouple” the unwanted 
voltages from each load.

T r a n s f o r m e r  M i x i n g . Transformers may be ‘ 
used to mix two AC signal voltages. If the primary 
of a transformer is placed in series with two AC 
sources, as shown in figure 5-48, the output of

W

the secondary will be proportional to the vector 
sum of the source voltages. Assuming a perfect 
transformer (no losses) and a 1-to-l turn ratio, 
the secondary voltage will be equal to the vector

sum of the two input voltages. If a higher secon^ 
dary voltage is desired, a step-up transformer may 
be used and voltage gain as well as mixing may 
be accomplished.

Suppose, in figure 5-49, a phase check is made

Figurm 5-49. s Mixar with Opposing inpots

and the instantaneous polarities are in phase with 
respect to ground. Would the voltages add or sub
tract across the primary? Examining the circuit 
you will find current from the upper source will 
tend to flow counterclockwise around the circuit 
and the current from the lower source will tend to 
flow clockwise. The two voltages are 180* out of 
phase in respect to the primary winding,, and the 
voltage and polarity will depend upon the differ
ence of the two voltages and upon which one is 
the larger. If the polarity of one of the sources is 
changed by 180°, the primary voltage will be the 
sum of the two sources.

Mixing-action may be accomplished by applying 
one voltage to the primary and another voltage to 
the secondary. This is especially useful when a DC 
component is present in one of the signals. The 
signal with the DC component is applied to the 
secondary winding. The secondary voltage is pro
portional to the vector sum of the primary and 
secondary voltages.

A transformer does not isolate signals as well 
as some other mixing devices because of mutual 
coupling between primary and secondary wind
ings. A current flow in the primary induces voltage 
in the secondary, but current flow in the secondary 
will also induce a voltage in the primary which 
affects the source. Secondary loading Is an im
portant consideration when using a transformer 
mixer.
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Figure 5-50. ParalM-Type Vacuum Tub* Adders

Vacuum Tube M ixers. A method used to 
eliminate coupling between voltage sources is to 
apply the signals to vacuum tubes within the am
plifier circuit. If the input impedance is high, very 
little current will flow from the source. There is 
little loading effect. Because feedback impedance 
of the tubes is very high at the low frequencies 
used in flight control systems, little or no feedback 
voltage is felt at the source. As a result, the sources 
are well isolated from each other and from.the 
output.

Figure 5-50A shows a typical vacuum tube 
adder for mixing signals from two sources. If the 
tubes have the same characteristics, each signal 
will have equal influence on the output because

of the common plate load resistor. Weighting fac
tors can be introduced by using potentiometers at 
the input. Amplification as well as mixing is ac
complished in this circuit.

When voltage amplification is not necessary, 
the cathode follower circuit shown in figure 5-50B 
is used. This circuit will have an even higher input 
impedance and a much lower output impedance 
than the circuit shown In figure 5-50A. It may 
also be used to match the impedance of the next 
stage to transfer a maximum amount of power. A 
potentiometer at the input or separate plate re
sistors may be used if weighting factors are neces
sary.

The parallel amplifier circuit can be altered to 
produce a sum and difference output. In the dif
ferential amplifier mixer in figure 5-50C, the out
put voltage, e*, at the cathodes is proportional to 
the sum of the input voltages. The voltage be
tween the plates is proportional to the vector 
difference of the input voltages.

Another method of vacuum tube mixing is the 
combining of signals within the tube itself. Several 
signal voltages can be impressed upon different 
electrodes in the tube to vary the plate current, as 
shown in figure 5-51, The effect of the plate cur
rent variations resulting from one signal has little 
effect on the other voltage sources because the 
impedances between the electrodes of any multi- 
grid tube are very high.

The number of inputs that may be applied to a 
tube is limited by the number of electrodes. For 
a triode tube, the maximum would be two. The 
pentode shown in figure 5-51 could have three in
puts. A pentagrid tube might have as many as

l
Figure 5-51. MufUgrid Mixer
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figure 5*52. Tronihforaed Mixmr

five inputs. The weighting factors depend on the 
characteristics of the tube and the electrodes used.

T r a n s i s t o r i z e d  M i x e r s . The transistor has 
several significant advantages over the electron 
tube. The power efficiency is greater than that of 
the vacuum tube because the transistor operates' 
with small DC voltage and current and, in addi
tion, does not require heater power. Other advan
tages of the transistor are its low noise level, small 
size, and rugged construction;

The transistor is much smaller than even the 
miniature electron tube and requires less power. 
The transistor is ideally adaptable to the design 
of flight control and guidance systems for missiles. 
This circuitry is especially advantageous for air- 
interceptor missiles such as the AIM-4 Falcon, 
AIM-7 Sparrow, and AIM-9 Sidewinder, in which 
space is so limited. Because the components (re
sistors, capacitors, coils, etc.) can be so small the 
entire guidance system for the AIM-4 can be in

the space previously taken up by only a power 
supply chassis. Figure 5-52 is an illustration of a 
simple transistor mixer circuit. Compare this with 
the mixers in figure 5-50, and you can see that one 
transistor can be used to replace two vacuum 
tubes.

The parallel-type resistance mixer previously 
mentioned is often fed into a high gain amplifier 
which is made stable by the use of negative feed
back. The feedback amplifier maintains almost a 
constant ratio between input and output because ' 
gain variations are reduced by feedback. The rela
tionship depends almost entirely on the values of 
the resistors as shown in figure 5-53. The output 
depends entirely on the ratio of resistance, if the 
amplifier is assumed to have infinite gain.

Differential Seliyns

So far, only the mixing of information repre
sented by the amplitude of electrical AC or DC

Figure 5-54. Using Se/iym fo Combine information
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'mm/////////
Figure 5-55. Michanicai Mixw

signals has been considered. Information repre
sented by the angular position of shafts can be 
transferred and mixed by the use of differential 
selsyns.

A sample part of a control system using differ
ential iclsyns for mixing position information is 
shown in figure 5-54. The gyro locates the rotor 
of a standard selsyn. Since an excitation voltage 
is applied to the rotor, a magnetic field is created 
in a direction depending upon the rotor position. 
This magnetic field is converted to stator voltages 
so that the field can be transferred to a differen
tial selsyn. The direction of the magnetic field in 
the final selsyn depends on the original selsyn 
position and the position of both differential 
selsyn windings in relation to the final selsyn. The 
position of four devices has contributed to /he 
input to the amplifier. The amount of influence 
from each device is determined by the mechanical 
linkages. The phase of the position information 
can be established by the mechanical and electrical 
connections to the selsyns and differential selsyns. 
Any reasonable number of differential selsyn 
windings can be included in a circuit since the 
weight and power losses are the only limitations. 
In figure 5-54, the selsyns are positioned to pro
vide a null (zero) output to the amplifier.

Mechanical Mixers
Information can be combined by means of 

mechanical mixers which are made up of shafts 
and gears. Lateral positions can be combined by 
using plain levers as illustrated in figure 5-55. 
Assume that shafts number one and two operate 
independently and that the positions represent 
Information which must be combined. The three 
connections pivot freely. The position of shaft 
number three represents a weighted average of the 
other two shafts, because vertical lever arms from 
shaft number three are not the same length. The 
sense is obtained by the direction of shaft move
ment.

The output from shaft number three could 
operate an electrical pickoff. The lever mixer 
would then eliminate the need for two pickoffs for 
converting the shaft positions to an electrical sig
nal before mixing. If the inputs to shafts one and 
two provide enough power, the output could oper
ate a pneumatic or hydraulic valve directly.

Gears can be used to combine position or angu
lar velocity information by means of a standard 
gear differential of the same type as used in the 
rear axle of an automobile. If the input shafts 
contain position information, they will move 
slowly and maintain approximately the same aver
age position. The position of the output shaft
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constantly indicates the difference between the two 
shaft positions. If the information is represented 
by the speed of rotation of the shafts, the angular 
velocity of the output shaft represents the differ
ence between the input velocities.

The input shafts can be selected so that the 
output represents the sum of the inputs rather 
than the difference. This summation of inputs ap
plies to both position and angular velocity informa
tion. The weighting factors can be controlled by 
changing the gear ratios.

Pneumatic and Hydraulic Mixers

Information sometimes is transferred by means 
of air or hydraulic tubes. Signals are created by 
the varying pressure within the tube. Two such 
signals can be combined by a union of the two 
tubes into one. An air pickoff controls the amount 
of airflow. The ratio of signals depends on the 
adjustment of the pickoff or the valve adjustment 
of the air pressure prior to the pickoff.

With this brief mention of pneumatic and hy
draulic mixers, considerations of mixers is con-; 
eluded and we move on to integrators.

INTEGRATORS

An integrator is part of the computer section 
of the control system since it performs a mathe
matical operation on an input signal. The inte
grator changes the input to a form that represents 
new information which is desired for one of 
several reasons presented later.

Simply stated, the integral of a constant signal 
is proportional to the amplitude multiplied by the 
time this signal exists. For example, suppose the 
output of an integrator is 4 volts, and it is pro
duced by a constant input signal which lasts for
1 minute. If the same input signal had lasted for 
only one-half minute, the output would have been
2 volts. This is assuming the integrator is a per
fect one. The control integrator is a device for 
computing the time that an input signal exists. In 
contrast, the output of a sensor which provides 
continuous control is normally instantaneously 
proportional to some missile error. This propor
tional signal provides one fundamental means of 
continuous control. Integral control is another 
method of providing continuous control.

Normally, an actual missile erTOr is not con
stant. Instead, the amplitude and phase of the 
error change, depending on missile flight condi
tions. Eveo so, the correct integration is propor
tional to the product of the operating time and 
the average error during that time. If the phase 
of the error should change during the integration 
period, the signal of opposite phase would de
crease the final output of the integrator. The in
tegrator can be considered to be a continuous 
computer since it is always producing a voltage 
which is proportional to the product of the aver
age input and the time.

The integration of an error with respect to 
time represents a summation or accumulation of 
error over a specified period of time. Actually, 
one definition for the term integrate is: “To indi
cate the whole of, to give the sum or total of."

Any integrator possesses a lag effect. Assume 
that a constant error is applied. Although the 
input signal suddenly reaches a certain value, no 
time has elapsed, so the output is zero at that in
stant (assuming the output originally nulled). 
As the input signal continues, the output signal , 
will ster lily increase as in the previous example. 
The reaction is considered to be delayed.

The graphs for constant error inputs and the 
output, assuming the integrator itself operates
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Figure 5-56. Integrator Output#
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INTEGRAL AND 
PROPORTION 

SIGNAL

Ftgure 5*57. /rtch/aion o f integrator Control with Proportional System*

without error, are shown in figure 5-56. The 
lag effect can be observed since time is involved 
before the output presents an appreciable signal. 
Time is also required for an appreciable reduction 
in the output after the input is removed.

The outputs from actual integrators may devi
ate from the outputs shown in the figure. Such 
deviation would result from characteristic errors in 
the particular integrating devices.

An integrator also has a filtering effect on high 
frequency signals. Suppose a rapidly varying signal 
with the same amplitude is applied to the input. 
The output would Indicate practically nothing 
since the period of the input signal is so short. The 
device filters high frequency signals since it is 
insensitive to rapid variations in the error signal.

Some types of integrators are more accurate 
Mian others by virtue of the principle of opera
tion. Several problems are involved in producing 
an integrator which will deliver an output exactly 
proportional to the integral of the input. First, 
the integrator must be able to react linearly to 
any signal level which may be applied to it. If the 
input signal doubles, the output of the integrator 
should increase at twice the previous rate. Second, 
this reaction should occur rapidly. Third, the in
tegrator must have the ability to “remember.” 
Suppose a certain signal is developed at the inte
grator output and there is no further input signal. 
For perfect results this same signal should remain 
at the output. The above three qualities are pres
ent to different degrees in integrators, depending 
mostly upon the type used.

Uses of Missile Integrators
There are situations in missile systems in which 

a signal proportional to an accumulation of error 
over a period of time is important. Normally this

integrator control signal is combined with a pro
portional signal by means of a mixer. This process 
is shown in figure 5-57. The integrator signal 
either supports the error signal or subtracts from 
it. depending upon the purpose.

An integrator signal is used to support the pro
portional error signal to guarantee that sufficient 
correction will always be made by the system. Such 
an application appears later in the explanation of 
the hydraulic-electric system. The degree of con
trol that a pure proportional signal can exert is 
limited. Overcontrol and undercontrol cause ex
cessive movement of the missile. There are in
stances when proportional control alone is not 
sufficient to overcome a strong, steady force (such 
as a crosswind) deviating a missile, In such a 
case, the proportional error signal has a steady 
component which affects the integrator. Since the 
error is of one phase (determined by the cross- 
wind direction), the Integrator output increases 
with time and augments the proportional signal 
until correction ultimately takes place. The inte
grator output remains to supply the necessary cor
rection signal component to overcome the relatively 
constant influence of a steady cross wind. In this 
case, the integrator supplies a necessary constant 
signal.

An integrator signal subtracts from a propor
tional signal to eliminate an undesirable signal 
component. The general connections are the same 
as shown in figure 5-57, except that the phase of 
the integrator output is reversed. As stated earlier, 
the output responds to long-lasting errors but is 
relatively Insensitive to rapid variations. When 
the proportional and integral signals counteract, 
the result is to reduce or eliminate an undesirable 
steady component of the proportional signal.

A need for the latter characteristic exists in 
self-balancing an amplifier output A signal caused
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by unbalance appears as a steady component of 
the total output and is opposed by the integral 
of the input. Similarly, any unbalance which arises 
from a sensor, such as autosyn misalignment or 
gyro unbalance, can be counteracted. A difficulty 
arises from the possibility that a desirable steady 
signal also will be eliminated. In such an appli
cation, sufficient feedback is allowed from the* 
integrator output to the input; to limit the ampli
tude of the integrator output.

The slowly varying component of voltage pro
duced by the output can be considered as a refer
ence for the more rapidly varying signals. Since 
this reference voltage is not restricted to a par
ticular value, integral control is sometimes referred 
to as floating control.

A further important application of integrators 
is in inertial-type guidance systems. They are used 
to compute range information from acceleration 
or velocity data.

Variabl*-$p««d Motor-Type Integrator

The first type of integrator presented is a vari
able-speed motor type, shown in figure 5-58. 
Briefly, the signal to be integrated is supplied to

normal integrator operation. The signal slowly 
increases with time as the potentiometer is driven 
further from the midpoint or balanced position.

The motor rotates in a direction dependent on 
the polarity or phase of the input signal. If the 
motor is AC, the integration is performed on the 
envelope of the input signal. In actual use, the 
error amplitude is not constant but varies and 
may ever reverse phase. Physically, this reversal 
would produce opposite rotation of the motor.

For example, suppose the integrator suddenly 
receives a signal of amplitude B. The speed of 
rotation of the motor is proportional to the in
put signal,

or V* =  KiB.

The contact moves to the right or left of the 
zero position at a speed proportional to the speed 
of the motor,

or Vc =  KiKsB.

The distance the contact moves is the speed times 
the time:

d =  Vct, or 
d  =  KjK2Bt,

0
ERROR S IG N A L  

©------------- ------

INTEGRAL
OUTPUT
S IG N A L

figurm 5-58. Variable-Speed Integraiar

a motor. The speed of the motor is proportional 
to the input signal. The motor slowly drives a 
pickoff. The distance the pickoff moves is pro
portional to the integral of the input signal. As
suming that the pickoff was initially zeroed, the 
voltage output from it will also be proportional to 
the integral of the input signal. The diagram shows 
such a circuit using a linear potentiometer (pot) 
to detect the integration.

The error signal is first fed to a power amplifier 
so that the signal will be strong enough to drive 
the motor at varying speeds. A large gear re
duction follows the motor to prevent it from 
driving the contact to either end of the pot during

where t is the time the constant error exists. The 
output voltage is proportional to the distance the 
potentiometer contact moves from the zero or 
balanced position,

or E , =  KiKiKifit.

Each of the three constants depends on certain 
independent factors of the device itself such as 
motor rpm, gear ratio, and voltage applied to the 
bridge circuit. These can be combined as:

E* =  KBt, 
where K =  KtK2Ka.

This shows that the output voltage is proportional
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to the input voltage multiplied by the time. The 
constant of proportionality, K, depends on the 
machine and is considered in the design of the 
system.

For this type of integrator to operate perfectly, 
two conditions must be met. The speed of motor 
rotation must be directly proportional to the 
input error voltage, and the output from the 
potentiometer must always be proportional to the 
distance the contact has moved from the zero 
position.

These two ideal conditions arc difficult to meet 
in actual practice. The curve of input power ver
sus motor speed of rotation is never exactly a 
straight line. An inverse feedback circuit helps 
to remedy this problem. The second problem re
quires the use of linear potentiometers. If a sclsyn 
is used as the pickoff, error will be introduced for 
large angles of deflection. The extremes of the 
particular pickoff establish the operating range of 
the integrator.

An integrator need not be perfect for it to 
operate satisfactorily in a missile control system 
since it needs to operate only within certain limits. 
These limits are established during the designing 
of the control system. They depend on missile 
aerodynamics and on the control system itself.

Normally, the pickoff which provides the out
put is zeroed before the beginning of integration. 
Sometimes a beginning position other than null 
is required. The integrator then begins with a 
constant output, and any changes depend on the 
input. Such a beginning bias signal is important 
since it represents a condition which should exist 
at the beginning of integration. It is called the 
initial condition.

RC Integrator

A simple and commonly used integrator con
sists of two circuit elements: a resistor and capaci
tor. Ihc fundamental circuit of an RC integrator 
is shown in figure 5-59.

o-* ---------v w

o-*-------------
XX

Figure 5-59. Fundamental RC Integrator Circuit

The voltage across a capacitor is proportional 
to the integral of the charging current. It can be 
explained by considering that the voltage across 
a capacitor is

For any given capacitor (C ), the voltage depends 
directly on the charge (Q) which is the unbalance 
of electrons on the two plates. The amount of 
this charge depends on the current flow and the 
time which this flow exists. These conditions arc 
comparable to the definition of integration given 
previously.

The fact that the voltage is proportional to 
the integral of the charging current allows the 
RC circuit to be used as an integrator. The ca
pacitor voltage is the integrator output. Provi-

Figure 5-60. Ideal and Actual Outputs from 
RC Integrator
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sion must be made to supply a charging current 
that is proportional to the input information. The 
purpose of the resistor is to produce this pro
portional current from an input signal voltage eu 
At the instant this voltage is applied, the charging 
current becomes

Unfortunately this proportionality does not con
tinue to exist. As the capacitor becomes charged, 
the capacitor voltage opposes the charging current, 
and the charging current becomes less pro
portional to the input signal. The resulting error 
in the output is shown by the curve of actual e0 in 
figure 5-60A. The ideal output, for a constant in
put signal, would be steadily increasing as shown 
on the graph. This steady increase is attained only 
when the signal voltage is first applied aDd the 
capacitor has not become appreciably charged.

A remedy to this error in the RC integrator is 
to use a circuit with a large time constant. Such 
a circuit siows the charging of the capacitor. The 
result is a more accurate integration of an input 
signal as shown in figure 5-60B and 5-60C. The 
Ideal output would be a perfect triangular wave. 
Although a long time constant produces more 
accurate results, it also provides a much lower 
output for the same input signal. Better inte
gration is possible by the use of a high gain, feed
back amplifier.

Amplifier RC Integrator

The common integrator shown diagrammatically 
in figure 5-61 uses a high gain amplifier, with a 
capacitor forming a feedback path for output 
variations. This is the M iller. integrator. The 
amplifier produces an output which is not limited 
by the input signal as it is in the simple RC 
integrator. The amplifier also supplies any energy

Figure 5-62. Amplifier integrator with Positive Inpvt

which is required in the output. The function of 
the input signal is to control the charging current.

The operation can be understood by assuming 
a constant input as shown in figure 5-62. At 
the start, assume the initial condition is zero;

e, =  eg =  ea =  0.

Also assume that the capacitor is discharged. 
The positive voltage to be Integrated, e(, is then 
applied. The capacitor charges with a polarity as 
shown, since electrons are attracted from the left 
plate. The charging path is shown in figure 5-63.

A voltage measured at the amplifer input, eg, 
tends to rise in the positive direction since this, 
point is directly coupled to e«. This rise tends to 
be opposed by the degenerative feedback voltage 
from the output. The output will be -A eg. The 
letter A stands for the amplifier gain. The minus 
sign Indicates that the output polarity or phase Is 
opposite to the input. The output changes A times 
faster or steeper than e*. The output voltage will 
be negative and will aid the charging of the con
densers.

For a certain input voltage, the charging cur
rent is limited to a particular value which tends 
to keep e* practically zero. If the current exceeds 
this value, e( decreases a small amount due to the 
increased voltage drop across R. Then ea (e« =  
-A etf) decreases and the charging current de-

Flgure 5*63. Electron Path far Capacitor Charging
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creases to the original value. If the initial charging 
current should decrease, the opposite action 
would occur. The value of the charging current 
is therefore stabilized to a specific value pro
portional to the input voltage. This eliminates the 
error caused by ei and the charging current not 
remaining proportional in the fundamental RC 
integrator.

This constant charging current must be pro
duced by e« despite the fact that the steadily 
increasing capacitor voltage opposes the charg
ing current To do this, e<> must also steadily in
crease. This steady increase in e0 is exactly the 
integrator output voltage desired for a constant 
signal input.

Similar action would be produced for a condi
tion in which the input signal suddenly became 
negative. Polarities then would be in reverse to 
those shown in the example given. Remember that 
simple examples are used for explanation on the 
assumption that the desired result also will be 
produced for a more complicated signal input. 
Removal of ei would produce little effect upon 
the output which existed at that instant, since the 
amplifier output would oppose the tendency for 
C to discharge.

The limits for c® are determined by the ampli
fier and not by ei or the range of e*. The output 
range is designed to produce an increasing output 
for any probable input amplitude and period of 
application. The exception to this is an integrator 
which is designed to function also as a limiter.

RL Integrator

A resistor and inductor combination can also 
be used as an integrator. Notice in figure 5-fi4

flgurm 5-64. Simple Rl Integrator

that the components of the RL integrator are con
nected in reverse to the RC integrator. This cir
cuit produces the same response as the RC circuit. 
It also possesses the same defects. A further error

exists because of the resistance in the coil. The 
RC circuit is used more often than the RL circuit.

Thermal Integrator
An integrator can operate on the principle that 

the temperature of a heating element is approxi
mately proportional to the integral of the current 
input for small intervals of time. A heat detector 
provides the integrator output. Such an integrator 
is limited in “memory.”

Integration from Viscous Damped 
Integrating Gyro

A method of integration is made possible by 
using a viscous damped integrating gyro, such as 
was explained in the section on gyros. This gyro 
is not considered a free gyro since it has only two 
degrees of freedom. The integration function is 
produced as the gyro is allowed to precess through 
the restrictive force imposed by the coil. The 
force causing precession of the gyro is produced 
by angular deviation of the missile. This force 
depends on the rate of change of missile deviation. 
Precession of the integrating gyro is not limited 
to a few degrees as in a rate gyro. The amount of 
precession depends upon the force causing pre
cession and the duration of precession, The missile 
deviation also depends upon the rate and time of 
angular motion. A definite ratio exists between the 
angle of gyro precession and the angle of missile 
displacement. Although the force on the gyro 
results from the rate of displacement, this gyro 
produces displacement information as a result of 
the integration whkh takes place within the gyro 
unit.

The last of the three general types of compo
nents of a computer imit are rate systems.

RATE COMPONENTS

A rate component is part of the computer sec
tion of the control system since it, like the inte
grator, performs a mathematical operation on an 
input signal. Thb operation differs from that of the 
integrator. The input signal is changed to a new 
form which represents new information. This in
formation improves the control system stability. 
The input signal conveys some type of missile 
information such as position error, angular devia-



1 July 1972 A FM  52-31

lion, altitude or airspeed error, or control surface 
position.

Briefly, a rate component is a device which 
produces an output that is proportional to the 
rate of change of the input signal amplitude. This 
mathematical operation that determines the speed 
at which a signal is changing is called differentia
tion. If an input signal is increasing or decreasing 
slowly, the output of the rate component is small. 
If a signal is changing rapidly, its output is pro
portionally larger. Even when an input signal is 
large, the output of a rate component should be 
zero as long as the input signal remains steady. 
The output of most rate components reverses 
phase when the input changes from an increasing 
to a decreasing signal. Figure 5-65 shows rate 
output from sample inputs.

Figure 5-65. Rate Output Depends on Rate of 
Chonge o f Input Signal

You probably have more contact with rate com
ponents (differentiators) than you realize. Any 
device which indicates the speed of some object 
directly is a rate computer. The automobile speed
ometer is an example of this. The input of the 
speedometer is a rotating shaft. While the mileage 
section is simply an extremely large gear reduc
tion, some sort of rate sensing device is necessary 
to detect and indicate speed.

This rotational velocity can be detected by cen
trifugal force or by magnetism. Suppose a weight 
is fastened to a rotating member. The weight is 
fastened so that it can swing outward against 
spring tension. The amount of centrifugal force 
tending to pull the weight from the shaft depends 
on the speed of rotation. The displacement of the 
weight is a measure of speed.

A special generator can be used to indicate 
rotational speed since the rate at which magnetic 
lines of force are cut determines the output volt

age. A voltmeter can then be calibrated in rpm, 
miles per hour, or comparable units.

P u rp o ses o f  R ate Control

Rate systems arc necessary because a definite 
amount of time is required to perform any type 
of control operation. In the case of a missile, if 
the correction of missile deviation occurs at the 
instant of deviation, no deviation whatsoever would 
result. Such a result would be ideal, but it is 
impossible since a system must detect some error 
in order to operate. The degree to which this ideal 
situation is approached depends on the design of 
the system and the requirements of the load such 
as size of airframe and missile aerodynamics.

Since the ideal control system described would 
have zero time lag and would result in a missile 
which did not deviate whatsoever, efforts arc made 
to reduce this time lag to a minimum. The air
frame and control surfaces are designed to correct 
missile attitude rapidly. The control surfaces are 
moved by powerful, fast-acting actuators using an 
amplified error signal to produce fast response. 
The reduction of lag by such measures approaches 
a limit.

O s c i l l a t i o n  f r o m  O v e r c o n t r o i .. At this 
point, you may be thinking, “Why not increase 
the amplification of the error signal from the sen
sor so that even a small missile deviation will 
produce a signal to correct the missile almost in
stantaneously.” This idea works to a certain ex
tent. A signal which is too large returns the missile 
beyond the desired point to an opposite error. The 
resulting opposite error signal causes the missile 
to deviate back to the first direction. The end re
sult is a serious oscillation about the desired atti
tude.

D a m p i n g  U n w a n t e d  O s c i l l a t i o n . The addi
tion of a rate signal has the effect of damping the 
oscillation. The term “damp” means to restrain 
or retard. The amount of damping is classified as 
critical damping, underdamping, or overdamping.

Rato Component Creates Lead
If the signal which commands system action 

could be advanced in time, the effect would be 
an apparent reduction in the overall lag of the 
system. A rate signal does this. It is combined 
with the proportional signal to produce a resultant 
signal which leads the original proportional signal.
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figur* 5-66. Method o f Producing Error Signal 
toad  by Dtfforontlation

The combination of the error signal with a 
rate signal to produce a leading signal is shown 
in figure 5-66. The proportional signal is assumed 
to be a sine wave as shown at the top. If it repre
sents yaw error, this indicates that the missile is 
“fishtailing” to either side of the desired heading. 
A sine wave is used since it is most suitable for 
an example, despite the fact that it actually repre
sents an undesirable flight condition.

The second waveform shows the output of a 
rate device when using a part of the proportion 
signal for an input. Notice that the output of the 
rate device is zero at the instant the input signal 
is at a crest and that the output has no rate of 
change. The error curve has the steepest slope 
when the input error signal is changing at a maxi
mum rate. This phenomenon occurs when the 
error voltage is zero. At this point, the rate signal

is a maximum, indicating a maximum rate of 
change.

The vector addition of two sine waves (rate and 
proportion) which are out of phase produces a 
sine wave with a phase somewhere in between. 
This result is shown in the third line of figure 5-66,

The two signals arc mixed in a ratio which pro
duces the best response from the system. This 
optimum ratio is determined by the other system 
components and the aerodynamics of the missile; 
it may vary with any change in missile configura
tion, weight, or altitude. Of course, the amount 
of rate signal need only to be within a certain 
range for acceptable missile operation.

Remember, there is a .rate output only when the 
missile deviation is changing. If the rate signal 
were not combined with the error signal there 
would be no way for the control system to respond 
to a constant error. It is also possible to combine 
an attitude rate signal with a guidance error 
signal.

Predictor Circuit ✓

A rate circuit is often called a lead circuit, 
phase-advancer, differentiator, or prediction cir
cuit. The terms are analogous and vary only in 
the concept cf the subject. The term “rate" refers 
to the fact that the signal is proportional to the 
rate of change of the input signal. The term “dif
ferentiator” refers to the mathematical operation 
which is performed on the equation of the input 
voltage to yield the proper equation for the out
put voltage. Figure 5-66 shows the origin of the 
terms “lead circuit” or “phase advance.”

But, why call a rate device a “predictor”? Con
sider the dashed line portion of the proportional 
signal in figure 5-66. The error is increasing dur
ing this period. The resultant during this time is 
much greater than the value of the proportional 
signal alone. If the missile slowly veers from the 
desired heading, the resultant sigual will be due 
mainly to the proportional signal.

Without a rate circuit, a rapid rate of missile 
deviation would normally produce a fairly large 
deviation before correction takes place. The rate 
circuit “predicts” this possible future large devia
tion from the existence of a high rate of deviation, 
and it increases the corrective effect. The result
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5-42



I July 1972 AFM 52-31

R-C R‘l
Figure 5-67 . Differentiation Circuit

is that the missile does not deviate as far with a 
rate unit in its control system;

Electronic Roto Circuits

The RL and RC combinations which are used 
as electronic integrators also serve as effective 
differentiators when the components are connected 
as shown in figure 5-67.

The inductor (R L) circuit produces a differen
tiation because the voltage across the coll Is pro
portional to the rate of change of current. This is 
assuming a perfect coil with no resistance. The IR 
drop across the coil causes an error in the output 
voltage, with the result that the RC circuit is used 
more often.

The capacitor (RC) circuit produces a differen
tiation because the charging current is propor
tional to the rate of change of applied voltage. The 
output voltage dropped across the resistor In the 
circuit depends upon the charging current. The 
basic capacitor theory states that the voltage across 
a capacitor is determined by the unbalanced elec
trons on the two plates. In figure 5-68, the battery

BATTERY ±

Figure 5-66. Theoretical Differentiation Circuit

transfers electrons from the lower plate to the 
upper one, so E« equals the applied voltage. Now, 
suppose the voltage from the battery could be 
slowly increased at a steady rate. The charging 
current would be proportional to the rate of 
change of the voltage since Ec also changes. A 
capacitor forms the basis of a rate circuit.

The theoretical circuit in figure 5-68 should 
operate as a perfect differentiator since it con
tains no resistance or other impedance. Such a 
differentiator is not practical because the voltage 
source and wiring possess impedance. Further
more, some method is necessary to detect the 
charging current. Since the current is normally 
small, a resistance is placed in series with the 
capacitor, and the voltage across it is used as the 
output. This impedance creates an error caused 
by the dissipation of energy in the resistance and 
the delay in the response of the output.

In most cases a control system error signal is 
modulated by 400-Hertz AC. This signal has to 
be demodulated to a varying DC voltage before it 
is applied to a capacitor rate circuit. This demodu
lation is necessary because the rate circuit is in
tended to detect rate of change of amplitude 
represented by the envelope of the input signal 
rather than by the 400-Hertz variations. The sig
nal may be modulated again after it passes the 
rate circuit, as shown in figure 5-6$. Modulation 
and demodulation also can be considered a com
puting function.

Figure 5-70 shows the rate output from a

c

M ODU LATORDEM ODULATOR

\\  t  " ■"
< R

Figure 5-69. Rate Circuit for Modulated Signal
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SQ U A RE  W A V E  INPUT

THEORETICAL OUTPUT

ACTUAL OUTPUT. TIME CO N STAN T  TO O  LARGE

ACCEPTABLE OUTPUT W ITH TC SMALL

figure $-70. RC Differentiator Outputs

square wave input. An accurate output is obtained 
if the time constant of the circuit does not exceed 
four times the period of the input signal. The per
fect output is theoretical. It would be infinitely 
large when the input signal changes instanta
neously.. In actual practice this output is limited 
by the resistance in the circuit.

A solution to the errors in the basic RC dif
ferentiator is to use an amplifier as was done in 
the ase of the integrator. The amplifier supplies 
most of the dissipated energy and permits the use 
of a short time constant by amplification of the 
output,

RC Amplifier Differentiator
As shown in figure 5-71, an RC amplifier dif

ferentiator is just opposite to an electronic inte-

Figurt 5-7 J. RC Amplifier Differentiator

grntor. This differentiator circuit has a capacitor 
input and resistive feedback. The amplifier can 
be a modulator type so as to reduce drift and 
noise.

In analyzing such a circuit, it is normal to con
sider the amplifier to have infinite gain. On this 
basis, e, can be considered to be zero. Although 
infinite gain is impossible, the amplifier does have 
a very large gain. If ei should change, e, tends to 
change, but the inverse feedback voltage counter
acts the change in e*.

The output voltage depends on the tendency of 
e , to change, and it is proportional to the rate of 
change of ei.

This same analysis can be given in terms of 
polarities. Figure 5-72 shows the same circuit

Figure 5-72. RC Amplifier Differentiator with 
Positive Going Output

assuming a steady, positive input signal. C is 
charged to the steady value of the input signal, 
therefore, e*=0 and en=0.

Now, assume the error signal suddenly in
creases. C begins to lose electrons on the left and 
gain on the right. The charging of C tends to 
make e, go positive. This action is reflected in 
the output as a negative voltage which increases 
at a rate A times faster than the input. Current 
produced by the output rapidly charges C to the 
new ei. The output is a large pulse of voltage 
which indicates the rapid change in the input 
voltage cj. This is the oatput desired. The ampli
tude of ec is not limited by ei, as was the case in 
the simple RC circuit, because of the energy suj>- 
plied by the amplifier. If ei should decrease, an 
output pulse of opposite polarity would be pro
duced.
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Rale Gyro

A common method of producing a rate signal 
is by means of a separate sensor. A special type 
gyro, called rate gyro, has been designed for this 
purpose. A rate gyro has a restricted gimbal, free 
to rotate about one axis only. It is allowed to 
precess only a few degrees as the gimbal is re
strained by a spring which tends to return the 
gimbal to a neutral position. Any precession in this 
plane is a result of force on the gimbals. This 
force is caused by angular movement of the air
frame about a certain axis and is proportional 
to the rate of deviation. The amount of small gyro 
deviation depends on the precessing force which 
must overcome the restraining force.

This gyro deviation can be detected with a 
pickoff, and then becomes a rate signal. A sepa
rate rate gyro is required for every plane of missile 
movement in which a rate signal is desired. These 
rate signals are normally combined with the out
put from a displacement gyro. Rate gyros are 
covered in the section on gyros.

REVIEW OF COMPUTER FUNCTIONS

Rate devices produce a method of continuous 
control tn a system. They comprise the third 
method of continuous control that we have ex
plained. The three methods are (1) proportional, 
(2) integral, and (3) rate.

Proportional control operates the load by means 
of an error signal which is proportional to the 
amount of deviation of the controlled item from 
the desired attitude. This signal is produced by a 
sensor. Integral control operates the load by 
means of a signal which represents an accumula
tion of error. The integral signal is produced by 
devices covered in the presentation on integrators. 
Rate control operates the load by means of a sig
nal proportional to the speed at which the devia
tion is changing. When rate or integral control is 
used, the output is usually combined with a pro
portional signal to produce the desired effects on 
the missile. Although rate and integral control 
have a canceling effect, they sometimes appear in 
the same system. Practically every system contains 
a rate device since it enables the missile to react 
rapidly to any error which develops.

The computing operations do not necessarily

occur in the position which, is indicated by the 
basic block diagram. Regardless of where the 
operations take place, the mixing of signals and 
the development of integral and rate signals com
prise the computing functions of a control system.

SECTION C 

Reference Units

The mediums for control system reference can 
be divided into three categories. These categories 
are voltage references, time references, and physi
cal references.

Before taking up voltage references, the first 
category, look back at the basic missile control 
block diagram shown in figure 5-3, so you can see 
where the “ reference” block fits into the system.

VOLTAGE REFERENCES

If there is no reference in a control system, 
the system docs not know how to correct for an 
error. Consequently, an electronic control system 
could not function properly without some type of 
voltage reference.

AC Voltage Reference

In many of the existing control systems, the 
error signals are in the form of AC voltages. 
These error signals contain two characteristics 
which are necessary for control systems to make 
proper corrections. These characteristics are (1) 
amount of deviation or magnitude of the error, 
and (2) direction of deviation or the phase of the 
error.

The amount of deviation is carried by the error 
signal in the form of amplitude. As the amount 
of deviation increases, the amplitude of the error 
signal also increases. If the amount of deviation 
should decrease because of a movement of the 
control surfaces, then the error signal would de
crease in amplitude. When the deviation decreases 
to zero, the amplitude of the error signal also de
creases to zero. There is no error signal when 
there is no deviation in missile attitude.

The direction of deviation is carried by the AC 
error signal as a function of phase. As has already
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been pointed out, this phasing by itself cannot tell 
the control system which way to correct unless 
there is something to which this phasing can be 
compared, such as a reference voltage,

Around each axis of control there can be only 
two directions of deviation. Only two phases are 
required to tell the control system which way to 
move the control surfaces for any one axis. Usual
ly one of these phases is in phase with an AC ref
erence voltage, called zero phase, and the other 
is 180° out of phase with the AC reference voltage, 
gcnerall called Cpi) phase.

By using phase sensitive circuits which compare 
the phase.of the error signal with the AC reference 
voltage, the autopilot can detect the “direction of 
deviation’’ information from the error signal and 
move the control surfaces in the right direction to 
correct for the attitude error.

This AC reference voltage is usually the AC 
power supply for the control system. It also serves 
as the excitation voltage for the sensor unit which 
originates the error signal.

DC Voltage Reference

Most of the mechanisms used in the controller 
unit require a DC error signal, so it is necessary 
to show how a DC voltage can carry both of the 
characteristics that existed in the AC error signal. 
The amplitude of the DC error signal indicates 
amount of deviation. The direction of deviation is 
shown by the polarity of the DC error signal.

The phase-sensitive circuits which are used to 
remove the two characteristics from an AC error 
signal usually produce a DC error signal that car
ries the two characteristics in the manner de
scribed in the above paragraph.

In some control systems limiter circuits are 
used to prevent the error signal from becoming 
too large and causing overcontrol. These limiter 
circuits require DC voltage as their reference. This 
DC reference voltage can be obtained in many 
different ways, but regardless of the method used, 
the circuit functions as a part of the reference unit 
of the control system.

TIME REFERENCES

Time is another medium by which an autopilot 
can obtain a reference. Primarily, this reference

takes the form of fixed periods of time during 
which certain autopilot functions are allowed (or 
not allowed) to take place. A definition of time 
reference as it applies to control systems is: A 
time-delay device used to control a specific auto
pilot function during a predetermined period of 
time.

Characteristics of Timers .

Timers vary greatly, in their physical charac
teristics and their operation. Some of these physi
cal characteristics need to be mentioned at this 
point to facilitate a better understanding of spe
cific timers and their application. These character
istics are covered again as the various timing de
vices are presented.

All control timers require some method of be
ing initiated or triggered. Because all of the timing 
devices used in one system are not triggered at the 
same time, each must have Its own trigger.

The method most used to trigger timing devices 
employs some form of electrical signal. In sopie 
cases this electrical signal is fed to a solenoid that 
has a core which moves when the solenoid is 
energized. The movement of this core, in these 
cases, is used to trigger the timing device mechani
cally. A special application of this method is in 
the case of the solenoid actually being a part of 
the liming device, rather than the triggering de
vice. In some special cases the normal electrical 
signal to a time-delay device is a voltage input, 
and the triggering takes place by removing the 
voltage.

There are two other electrical triggering meth
ods. One is accomplished by applying the electrical 
signal to a heater coil which heats a thermo
sensitive bimetallic strip, The other electrical 
method is to apply the electrical signal to an elec
tric motor. This signal operates the motor which 
is a part of the timing device. The voltage can be 
either AC or DC depending on the type of motor 
used.

Another method of triggering timing devices 
which has been used in missiles is to use an in
ertia switch. This method is explained later with 
the piston-type pneumatic timer.

The degree of accuracy needed greatly affects 
the selection of a timer for a specific application. 
Some of the uses of timing devices permit use of 
timers having comparatively poor accuracy. Other
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uses might require the highest degree of accuracy 
that can be obtained from timing devices.

When using timers in guided missiles, the effect 
that large changes in temperature and pressure 
have on their accuracy must be considered. A 
varying input voltage can affect the accuracy of 
some timers that make use of electric motors. 
These accuracy considerations on specific timers 
are explained in greater detail when the timing 
devices are described.

The simplicity or the complexity of a timer is 
influenced by the specific application of the de
vice. If the timer is to be used only once during 
a missile flight, the mechanism may be simple in 
operation. However, if the timing device is to be 
used many times during a missile flight and has 
to recycle itself each time it performs its function, 
the mechanism will be more complex in opera
tion. The one exception to this is the thermal 
timing device which recycles itself without any 
additional mechanism.

In most timers the output produces electrical 
contact switching. The use of the timing device 
determines whether the contacts are normally 
open or normally closed.

If the timer performs mdre than one function, 
there are two basic ways to accomplish the cir
cuit changes. The first way is to employ a multi- 
contact switch on the timing device. This method 
can close or open many circuits. The other way 
is to use a single-pole, single-throw (SPST) switch 
on the timer to energize or deenergize a relay that 
has the required number of contacts.

Application of Timers

In the following paragraphs, some of the uses 
described might not be applied strictly as control 
system functions, but the applications are related 
enough to justify their mention at this point in 
the text. You might consider some of the applica
tions as preset guidance functions and some as 
launch or powerplant functions. The reason for 
mentioning such uses is to show the wide variety 
of applications of control timing devices.

One of the first uses of timers in guided missiles 
was to keep the gyros caged during the period of 
great acceleration at launch. The timer used for 
this purpose was triggered by a voltage either from 
the ground equipment during the launch prepara-
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tiun or from an inertia switch which closed after 
the missile left the launcher.

Timers can be used to trigger other timers. In 
some missiles, a mechanical timer is used to trig
ger another mechanical timer at a preset time after 
launch. The second timer may be used to peecess 
the directional gyro and make a preset turn. The 
length of time set into the second timer controls 
the amount of turn. Usually these turns are around 
the yaw axis, but in some of the terminal guid
ance systems, the gyro is precessed about the 
pitch axis to put the missile into a dive. The 
timers used to prccess gyros must be accurate.

Timing devices are used extensively in pro
gramming takeoff. Some timers will cut off the 
powerplant if the boosters haven’t fired within a 
given time after the powerplant has developed 
some specified speed or thrust. This prevents re
leasing a missile without adequate power for a 
safe launch. The sequence of firing the boosters is 
frequently controlled by timers. Launch program
mers which control the climb of the missile often 
use timing devices.

Another possible use of timers is their applica
tion to command guidance. A carrier relay, which 
remains energized at all times during which the 
command carrier frequency is present, controls a 
timer. When the carrier frequency is lost, the- car
rier relay triggers the timer. After a certain time 
delay, if the carrier has not been received, the 
timer completes its function and allows some pre
set command guidance function to take place. 
This type of timer is ordinarily used as a safety 
device and may cause the missile to remain on a 
predetermined course until the command signal is 
again received, or it may cause self-destruction 
of the missile.

One other specific use of timers is in connec
tion with gyro erection and slaving systems. Dur
ing a time delay set up by a timer, the gyro is 
precessed at a much faster rate than under nor
mal operating conditions. After this period of 
time has elapsed, the circuitry is set up by the 
timer to allow the gyro to precess at its normal 
rate.

Mechanical Timers
One type of mechanical timer which has been 

used in missile systems is a clock mechanism. In 
operation it is similar to a mechanical alarm clock.

AFM 52-31

5-47



AFM 52*31 1 July 1972

TRIGGERING
V Q lT A Q g

M O T O R wWWWY
J L

GEAR
R ED U C T IO N

BOX
kVWVWV

J
OUTPUT
CIRCUIT

figure 5-73. Simple Motor-Timer Operation

The ordinary alarm clock can be set for a time 
delay up to 12 hours, while the clock mechanism 
used as a timer usually can be set only for rela
tively short periods such as seconds or minutes. 
The alarm clock gets its movement from energy 
stored up in the mainspring by turning a knob 
on the back of the clock. The clock mechanism 
timer gets its movement in much the same way. 
To set in a time delay, the knob on the face of 
the timer must be turned so that the anrow points 
to the desired time on the dial. This puts energy 
into the mainspring of the timer and corresponds 
to winding the alarm clock.

A bell rings at the time set on the alarm clock. 
When the time has elapsed on the clock timer, a 
switch is closed (or opened according to the ap
plication of the timer).

The time delay set into a clock mechanism may 
not be used until the missile is in flight, so some 
sort of triggering linkage is necessary.’ This linkage 
usually consists of a catch which can be released

by energizing a solenoid. This type of timing de
vice can be used only once during a missile flight. 
Its accuracy is considered good.

Electrkol Timers

Two types of timers presented as electrical 
timers are motor timers and thermal timers. In all 
cases the triggering is accomplished by an elec
trical signal. When the voltage is applied to the 
timers, the time interval or period of delay begins.

Motor T imers. The simplest motor timer, 
shown in figure 5-73, possesses the operation prin
ciples of all motor timers.

A motor is turned by the triggering voltage. 
The speed of the motor shaft is reduced by a gear 
box. The speed is such that the output shaft from 
the gear box does not make a complete revolution 
during the period of delay required. For example, 
if a  30-second delay is needed, the speed of the 
output of the gear box is about one or two revo
lutions per minute. There is an arm connected to

Figure 5-74. Operation of Recycling Motor Timer
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ihc output shaft of the gear box. The time it takes 
this arm to go from the starting position to a point 
which closes a switch is the time delay of the 
liming device. This simple mechanism can be 
used only once during a missile flight.

If recycling is required during (light, the mech
anism is more complex, as illustrated in figure
5-74. Again, the basic operational components 
are present: the triggering circuit, the motor, the 
gear box, and the switch for an output. But some 
additional stages are used to make the timer auto
matically recycle itself. A clutch mechanism 
breaks the linkage between the actuating arm and 
the gear box. The arm then returns to the starting 
position without the motor or gear box turning. 
The recycling spring pulls the actuating arm back 
to its original setting when the clutch disengages.

The microswitch, shown in the diagram, has 
two sets of contacts. One set is in the output cir
cuit of the timer. The other set opens or closes 
the clutch circuit In a case such as shown in the 
diagram, the dutch would probably be controlled 
by a solenoid. The actual details of the solenoid 
circuit depend on the construction of the clutch.

A different method of controlling the clutch 
may be used. In this case, the triggering voltage 
also energizes a solenoid which keeps the clutch 
engaged as the motor turns. When the triggering 
voltage is released, the solenoid in the clutch de
energizes, and the timing mechanism recycles.

Another method of releasing the clutch uses a 
mechanical means. A lever releases the clutch 
when the actuating arm applies pressure to the 
lever. The actual method used to release the 
clutch is determined by the application of the 
timing mechanism.

If accuracy is of prime importance when using 
motor timing devices, other additions must be 
made to the mechanisms. Most motors vary in 
speed when the input voltage varies. This is not 
true of a synchronous motor. When such a motor 
is used in timing devices, no regulation of voltage 
is necessary. But to make the timer accurate when 
other than a synchronous motor is used, either 
the speed or the input voltage must be regulated. 
Circuits already exist which can regulate input 
voltage. If the speed must be regulated to have 
still greater accuracy, a special clock mechanism

C O N T A C T  P O IN T S

BI-M ETA l STRIPS 

H EA T IN G  C O IL

OUTPUT CIRCUIT

Figure 5-75. Thermal Delay Tub#

is used as a governor. The torque of the motor 
provides the actuating force for the speed-regu
lating clock mechanism.

You can easily see that the more accurate the 
requirements of a timing device the more complex 
that timer becomes.

Thermoelectric T imers. Thermal delay 
tubes and thermal delay relays are used exten
sively to perform time delay functions. The advan
tage of timers of this type over other timing devices 
is the ease with which they recycle themselves. To 
do this, they require no additional circ itry or 
mechanisms. However, contrasting this advantage 
is a major disadvantage. This disadvantn o is a 
Jack of accuracy. The accuracy of these timers 
is comparatively poor with respect to the accuracy 
of other timers presented in this section.

In figure 5-75, a thermal delay tube is shown. 
Its components are two bimetallic strips, a heating 
coil, a set of contacts, and a means for spacing 
the two bimetallic strips. A voltage is applied to 
the heating coil. The coll generates heat which 
heats up one of the bimetallic strips. This strip 
bends toward the other as the temperature rises. 
When the bimetallic strip has heated sufficiently, 
the contacts close, completing the output circuit 
of the liming device. The amount of delay de
pends on the distance between the contacts; i.e., 
how far the bimetallic strip has to bend to close 
the contacts. In this case the time delay is preset, 
and the elements are then put into a vacuum tube
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which prevents any further adjustment of the lime 
delay.

Accuracy is alfcctcd if the voltage applied to 
the healing coil varies from its rated value. Also, 
if the thermal dement does not have sufficient 
time to cool before the timer is used again, the 
accuracy is affected because the thermal element 
now docs not require so long a time to attain the 
temperature at which the contacts close.

Although ambient (surrounding) temperature 
affects the accuracy of many thermal delay de
vices, it has little effect on some of the later ther
mal delay tubes. The ambient temperature may 
have a wide range, approximately -50* to +70° 
C, without seriously affecting the operation of the 
thermal device. This partial immunity to tem
perature change is accomplished by incorporating 
two bimetallic strips and fastening one of the 
contacts to each strip as shown in figure 5-75. 
When the ambient temperature changes, the tem
perature of each of the bimetallic strips gradually 
changes also. An ambient, temperature change 
causes the same amount of change in each strip, 
as shown in figure 5-76, because the two strips 
are constructed of the same two metals and are 
the same size.

Figure 5-76. Thermal Delay 7ub« in Exinme 
Ambient Temperature

Figure 5-77. Thermal Time Delay Refay Showing 
Ji'm« Adjustments

delay relay shown can be considered a thermal 
device and a holding relay all built into one unit.

When the signal is applied from the triggering 
circuit, the voltage is impressed across the heater 
coils through the B relay contacts. As the bimetal
lic strip is heated, the contacts move closer to
gether. After a period of time, the contacts close, 
and the voltage from the triggering circuit is ap
plied to the relay coil. When the relay coil ener
gizes, all of the relay contacts change. The A 
contacts parallel the contacts on the bimetallic 
strip and act as holding contacts, keeping the 
relay solenoid energized. The B contacts break 
the circuit to the heater coil, and the coil cools 
off. Once the relay coil has been energized and 
the holding contacts have closed, the bimetallic 
strip has served its purpose, and the timing device 
will not be affected if it is allowed to cool off. 
The C contacts form part of the output circuit. 
This type of timing device is easily recycled by 
taking away the triggering voltage which would 
deenergize the relay coil. The timer then would 
be ready to begin its operating cycle again.

Pneumatic Timers

Thermal time delay relays usually do not have 
this compensation for ambient temperature, so 
they have to be used in equipment that is tem
perature controlled. The time delay can be ad
justed on thermal delay relays. Figure 5-77 shows 
the time adjustment screw which can change the 
distance between the contacts. The thermal time

Pneumatic timers determine a period of time 
by means of a small orifice through which the air 
must pass.

They are not very accurate in comparison with 
the other types that have been presented. The ef
fects of atmospheric pressure and temperature 
changes on the air stored in the rimer influence
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their accuracy. As mentioned, these timers get their 
time delay by forcing air through a small opening. 
If the density of air should change or if the pressure 
between the air stored in the timer and the at
mosphere should differ, which of course would 
happen in a traveling missile, the accuracy would 
be affected. This type of timer is more suited for 
launch functions because it performs its function 
under the same atmospheric conditions as existed 
when the time delay was adjusted.

Pneumadc timers can be divided into two gen
eral types, piston and diaphragm.

Piston-Type T imer. A piston pneumatic timer 
is shown in figure 5-78. The action of this timer 
can be compared to that of a tire pump. As you 
pull up the handle of a tire pump, the air goes 
around the leather washer. The same is true of 
this timer. As you apply force on the handle of 
the tire pump, you push air out of the valve at 
the end of the hose. In the timer the spring ap

plies the force to the piston, and the air in the 
cylinder passes through the opening in the needle 
valve. The spring exerts the same force each time 
the timer is cocked. The timer is cocked by pulling 
the piston up and hooking the catch over the 
inertia block. Because the spring exerts the same 
force each time, the amount of time it takes the 
timer to close the contacts of the output circuit 
depends on the size of the opening in the needle 
valve and the relative inside and outside air pres
sures. A sketch of the needle valve appears in 
figure 5-79. The needle and the tube are tapered 
so that the gap between them will close as the 
adjustment screw is turned In.

The inertia block is the trigger for this timer. 
It consists of a block of metal which has enough 
mass for it to be thrown backward when subjected 
to a large acceleration, thus the term inertia block. 
This type of triggering indicates that the timer 
has to be used during the launching phase.

D iaphragm-Type T imer. The diaphragm 
pneumatic timer is essentially the same in prin
ciple as the piston-type pneumatic timer. Air is 
taken in and then released through a small hole. 
The time it takes the air to escape through the 
hole determines the amount of time delay.

An example of a diaphragm.pneumatic timer is 
shown in figure 5-80. The drawing shows the timer 
ready to perform a time delay.

The normal signal to this timer is a voltage 
which keeps the solenoid coil energized. When the 
coil is energized, the iron core is pulled down, 
depressing the spring. When the iron core is down, 
the leather diaphragm is stretched, allowing air 
to fill the air chamber through the air inlet holes.

The timer is triggered by taking away the volt
age on the solenoid. When this is done, the spring

NCEOIE
VALVE

ADJUSTMENT
VALVE

AIR OUTLET'

figure 5-79. Need/# Voive of  P/ifo/i-Type 
Pneumatic Timer
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figure  5-80. Diaphragm-Type Pneumatic Timer

pushes the pressure plate against the diaphragm, 
closing the air inlet holes and slowly pushing the 
air out of the chamber through the needle valve. 
Again, the adjustment screw controls the opening 
in the needle valve, controlling the length of time 
it takes the output contacts to close.

This timer is fairly accurate compared to other 
pneumatic timers and does not require any special 
mechanism to recycle itself. Reapplying the volt
age to the solenoid sets up the timer for another 
cycle.

Timers are used in almost all control systems* 
and a particular timer may be used to perform a 
variety of functions. The requirements of a missile 
dictate the usage of a timing device. Some timers 
are strictly safety devices that must be used during 
the development of missiles.

P H Y S IC A L  R E F E R E N C E S

There are many other references for missile con
trol systems besides voltage and time. They can 
all be grouped under the heading of physical ref

erences. These references are space, gravity, the 
earth’s magnetic field, barometric pressure, and 
missile airframe. In some measure they all con
tribute reference to most missile control systems. 
Primarily, they form the group of references that 
sensors use to establish enor signals. A brief ex
planation of each physical reference is presented* 
sufficient only to complete the scope of the ref
erence unit and to familiarize you with the sensors 
which use these references.

Space. Gyroscopes, because of their character
istics, are the sensors which use space for a ref
erence. A plane of reference is established In 
space* and gyros sense any change from that ref
erence.

G ravity. The mass of the earth sets up a strong 
attraction to objects on its surface. This property 
is called gravity. Using gravity as a reference, a 
pendulum senses the point where the attraction is 
greatest. Some gyros are precessed to a vertical 
reference by a pendulous pickoff and an erection 
system. These are generally called vertical gyros* 
and they usually control the pitch and roll atti
tudes of a missile.

Earth’s Magnetic F ield. The lines of flux of 
the earth’s magnetic field have served as a ref
erence for many years through the use of the 
compass. A compass can not be used in a missile 
control system* but there is an electrical device 
that senses the earth’s magnetic field that can be 
used. This instrument is known as a flux valve. 
It primary use is to keep a directional gyro slaved 
to a given magnetic heading. This gyro usually 
controls the yaw channel of the autopilot.

Barometric Pressure. Pressure has been 
used for a long time in aeronautics to indicate al
titude. A missile also may use an altimeter which 
senses barometric pressure and produces an error 
signal if the missile is not at a preset altitude.

Another instrument which uses the pressure 
of the atmosphere as a reference is the airspeed 
indicator. It compares static barometric air pres
sure to ram air pressure. The difference derived 
from this comparison is indicated airspeed.

Missile A irframe, The airframe of a missile 
is also a reference. The displacement of the control 
surfaces can not be referenced to the vertical or to 
a given heading because the reference would have 
to change when the missile attitude changes. It is
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easier to give control-surface displacement with 
respect (or with reference) to the missile airframe.

Sclsyns are used to indicate the angular posi
tion of ihe control surfaces with respect to a 
missile airframe. Potentiometers may be used to 
indicate angular position when the potentiometer 
is fastened to the missile airframe and its wiper 
arm is moved by the control surface.

The autopilot sensors have been classified ac
cording to the reference they sense. For further 
information about sensors, refer back to the first 
section of this chapter.

This concludes the comments on reference 
units. In the next section, amplifier units are pre
sented.

SECTION D 

Amplifier Units

An amplifier is a device, usually containing one 
or more vacuum tubes, whose output is an en
larged reproduction of the input signal. Voltage 
amplifier units are designed to increase a voltage 
across the load in the plate circuit of the ampli
fier. Power amplifier units are designed to de
liver large amounts of power to a plate circuit 
load without regard to voltage.

Both voltage and power amplifiers are used in 
missile control systems. Some of the less conven
tional amplifiers are included in this section.

VOLTAGE-TYPE AMPLIFIER UNITS

Electrical signals in a control system may be 
either AC or DC. Since some system components 
may require DC and other components in the same 
loop may require AC, devices which can convert 
electrical signals from DC to AC and vice versa 
are desirable. Modulators perform this function.

A modulator is a device which alters the ampli
tude, frequency, or phase of a wave (carrier) in 
conformity with the variations of an input signal. 
In a control system, modulators generally are 
used to convert polarized DC signals to properly 
phased AC signals. There are several types of 
modulators which perform this function in control 
systems. Mechanical and vacuum-tube choppers 
and the rectifier modulator are considered. Com

mutators and paraphase amplifiers also are covered 
under voltage amplifiers.

Mechanical Choppers

A mechanical chopper is simply a synchronized 
switch. Its output line is connected alternately to 
its input line and to ground, or zero-level DC. The 
explanation which follows refers to figure 5-81. 

The coil is energized by AC of the appropriate

TO GBlD OF 
AC AMPLIFIER

Figure 5-8). Mechanical Chopper

frequency. To prevent the vibrating arm from be
ing attracted twice by the coil during each cycle, 
some direct current is passed through the coil, 
or through another coil .wound on the same core. 
When the AC flows in one direction, its magnetiz
ing force is aided by that of the DC and the vi
brating arm is attracted. When the AC flows 
in the other direction, its magnetizing force is 
canceled by that of the DC, and the attraction 
on the arm is reduced. The arm thus vibrates at 
the frequency of the AC, To reduce the power re
quired to drive the arm, the arm usually is tuned 
so that it vibrates naturally at the proper fre
quency. The output is then a square wave, having 
the level of the DC input for a half-cycle and hav
ing zero level for the other.

Blocking condensers in the amplifier that fol
lows the chopper remove the DC component so 
that the signal becomes a square wave with an 
amplitude proportional to the DC signal level and 
a phase which reverses when the DC signal 
changes polarity. This amplifier also discriminates 
against high-frequency signals so that the square 
wave ultimately is converted to a sine wave at the 
frequency of the chopper switching.

A cutaway view of a mechanical chopper is
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Flgure 5-82. Cutaway Vimw o f Mechanical Chopper

shown in figure 5-82. In this particular chopper, 
a permanent magnet is used in place of the DC 
winding shown in figure 5-81.

Vacuum Tuba Choppers

A vacuum tube chopper amplifier circuit, shown 
in figure 5-83, consists of two tubes, one having a 
pulsed DC signal on its control grid and the other 
a fixed voltage. Alternating current of the proper 
frequency is applied to the screen grids, the volt
ages at the two screen grids being 180* out of 
phase with each other. When the tubes cany the 
same current, the effect of raising the voltage on 
one screen is exactly balanced by that of lowering 
the voltage on the other screen. Consequently, 
the total current flowing in the common load 
resistor is unchanged, and there is no AC output. 
This condition is no longer true in the presence of

figure 5-83. Vacuum Tube Chopper Circuit

a DC signal. Now AC appears across the load 
resistor with on amplitude proportional to the DC 
level and with a phase which reverses when the
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AC REFERENCE

Figure 5-84, Rectifier Modulator Circuit

DC polarity is changed. The variable cathode 
resistor in one tube is used to balance the cur
rents so that the output drops to zero when the 
input is zero.

Vacuum tubes can be employed in many other 
ways to produce the same result, as does the cir
cuit just described.

Rectifier Modulators

A rectifier modulator, as illustrated in figure
5-84, is another type of synchronous switch. Dur
ing a haJf-cycle, an AC reference signal causes 
current to flow through Vi and V2; during the 
other half-cycle, it flows through V* and V* The 
nonconducting diodes appear as open circuits, 
and the conducting diodes appear as relatively 
low resistances. One end of the input resistance is 
connected to the center tap of a divider across the 
output of the reference AC transformer. It is at 
the same voltage as the center tap on the trans
former secondary. The output voltage is equal to 
that appearing across onc-half of the input re
sistor. Because of the switching action, the output 
circuit is subjected alternately to the voltages 
across the upper and lower halves of the input 
resistor, belli voltages being measured with respect 
to the center of the resistor. The resulting output

voltage is equal to half of the input voltage during 
half of the AC cycle and is equal to half of the 
amount of the input voltage. but opposite in 
polarity during the other half of the AC cycle. 
The action is the same as that of a mechanical 
chopper. Since one side of the input resistor is 
usually grounded, the output must go through an 
isolating transformer to remove the DC com
ponent.

Commutators

A commutator, sometimes known as a phase- 
sensitive detector, makes the same conversion as a 
modulator, but in the reverse order. It receives 
an AC input and develops a DC output. For an 
input of one phase, it develops a positive DC out
put. For an input with a phase difference of 180°, 
it develops a negative output. For inputs differing 
from these by 90®, it develops no DC output. 
There are several types of commutators, three of 
which are the synchronous mechanical switch, 
the vacuum tube commutator, and the rectifier 
commutator.

Synchronous Mechanical Switch. A syn
chronous mechanical switch, such as shown in fig
ure 5-85, depends on a vibrating arm similar to that

WVW
c  E

Figure 5-85. Snychronous Switch with Output 
Waveshapes
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of a mechanical chopper. Assume that the voltage 
at the upper contact is positive during the half
cycle when the arm is up. During the next half
cycle, when the arm is down, the voltage at the 
lower contact is also positive. The resulting out
put is similar to that of a full-wave rectifier. After 
being filtered, the output has a DC component 
proportional to the amplitude of the AC. If the 
phase of the input is reversed the output is nega
tive DC.

The signals in these two examples are shown 
by waveforms B and C in the illustration. For 
signals differing from these by 90*. the voltage 
at each contact reverses during the time the arm 
makes connection, and the average voltage is zero 
as shown by waveforms D and E. There is, there
fore, no DC component and no output from the 
circuit after filtering.

V a c u u m  T u b e  C o m m u t a t o r . A number of 
vacuum tube circuits can serve as commutators. 
One such circuit is shown in figure 5-86. The DC 
bias on the control grids is sufficient to hold both 
tubes at cutoff. Assume that the voltage on the 
control grids moves in the positive direction at the 
same time as that on the screen grid of tube Vi. 
During the half-cycle of current flow, the screen 
grid of Vi always is more positive than the screen 
of V2, and Vi draws more current. The cathode 
of V,, therefore, is more positive than the cathode

of V>, and the plate of Vi is more negative than 
the plate of Vs.

A phase reversal of the control grid signal 
causes Vj to draw more current and reverses the 
polarity of both the cathodc-to-catliodc and plate- 
to-plate voltages. If the grid signal differs by 90° 
from the screen signal, Vi draws more current 
than Vi during one-half of the conducting half- 
cycle. The situation is reversed during the remain
der of the conducting period. The DC component 
of the output is therefore zero. A circuit of this 
sort is useful where a DC output need not be 
developed with respect to ground.

RrcriFii-R C o m m u t a t o r . A rectifier commu
tator, as illustrated in figure 5-87, acts in much th ; 
same way as the rectifier modulator described 
previously. During a half-cycle, the reference AC 
causes Vi and V2 to conduct. During the other 
half-cycle, it causes V3 and V* to conduct. The 
output circuit is connected alternately from the 
center tap of die input transformer to the junc
tion of the upper diodes and from the center tap 
to the junction of the lower diodes.

Parophase Amplifiers

Paraphase amplifiers are sometimes used in 
place of transformers to operate push-pull cir
cuits. A paraphase amplifier is a combination

figure 5-86. Vocvum Tube Commutator Circuit
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amplifier and phase inverter. Figure 5-88 is a cir
cuit diagram of one type of paraphase amplifier.

Figure 5-88. Paraphase Amplifier

In this circuit the outputs are taken across the 
resistors Rt and R2. These resistors are of equal' 
value, and since the same current flows through 
both, equal voltages are developed across them. 
The voltages across these resistors are opposite in 
polarity since the output is taken from the nega
tive end of Ri and positive end of R*.

Transistor Amplifiers

As in the case of mixer circuits, the vacuum 
tube has also been displaced to a great extent by 
the transistor in amplifier applications. There are 
several circuit arrangements possible for the tran
sistor. Figure 5-89 shows the common-base ampli
fier where the signal is introduced into the emitter- 
base circuit and taken from the collector-base cir
cuit. The arrows indicate the direction of current 
flow. The letter I represents the total emitter cur
rent. Transistors in practical use have from 92 to
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Figure 5-90. Common Emitter Amplifier

95 percent of the emitter current reaching the 
collector, with the remainder flowing through the 
base. In the example illustrated, 95 percent of the 
current (0.951) reaches the collector and 5 per
cent (0.051) flows to the base.

The waveforms in figure 5-89 represent voltage. 
The input signal is on the left of the figure and 
the output signal is on the right. With no signal 
applied, a steady current flows through Ri produc
ing a constant voltage drop, During the first or 
positive alternation of an applied signal, the signal 
opposes the battery voltage between the base and 
emitter. This decreases the forward bias. The de
crease in bias reduces the total current flowing 
through the emitter. The collector and base cur
rents are also reduced. The smaller current flow 
through Ri results in a smaller voltage drop and 
the output voltage increases. The input voltage AB 
produces the output voltage A'B".

During the second or negative alternation of the 
input, the signal aids the bias and allows more 
current flow through the emitter. This increases 
current flow through Ri and the voltage drop in
creases. The output voltage decreases and you can 
see that input voltage CD produces output C'D'. 
There is no phase reversal between the input and 
output i«f a common-base amplifier.

Connecting the transistor as illustrated in figure
5-90 provides a common-emitter amplifier. Again 
the arrows indicate the direction of current flow.

Now the positive signal input aids the forward 
bias produced by the base-emitter battery and 
increases current flow through the emitter. This 
increases current flow through Ri and increases 
the voltage drop. The output voltage decreases 
and the output is a negative going wave.

The negative portion of the input signal op
poses the forward bias on the emitter. This de
creases emitter current and reduces the flow 
through Ri decreasing the voltage drop. Now the 
output voltage increases and as you sec in figure
5-90 there is a 180° phase shift across this am
plifier.

The common-collector amplifier is illustrated 
in figure 5-91. The emitter current flows through 
the collector and base the same as in the two 
previously described amplifiers.

As in the previous explanations, when the input 
signal aids the forward bias, the total emitter 
current increases. The increased current through 
the load resistor Ri increases the voltage drop 
across Rj. During the positive alternation of the 
input signal, the output voltage is positive. A neg
ative input signal decreases the forward bias. Dur
ing the negative alternation of the input, the emitter 
current is reduced. This results in Jess current 
(low through Ri and less voltage drop. The out
put voltage is negative with a negative input sig
nal. There is no reversal in the polarity of the

ftgur* 5-91. Common Cofforfor Amplifier
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signal from the input to the output in the com
mon-collector amplifier.

Summarizing the preceding examples of transis
tors you can see that how each type of circuit 
is vised depends on transistor, circuit function, 
and design choice, Basic choices arc made based 
on the following facts.

• Common-emitter and common-collector am
plifiers yield substantial current gain. For the 
common-base amplifier the gain is always less 
than one.

• Common-base and common-emitter ampli
fiers produce appreciable voltage gains. For the 
common-collector amplifier, it is always less than 
one,

•  Highest power gain occurs when the product 
of the current-voltage gain is greatest. Since the 
common-emitter amplifier has both high current 
gains and high voltage gains, its power gains are 
the highest.

Advantages of Transistors. The transistor
ized amplifier operates on much less power than 
the tube amplifier and develops more power out
put. The transistor requires no heater for its op
eration. They do not generate the heat which is 
one of the biggest problems encountered with 
vacuum tubes. Heat not only causes many fail
ures in equipment, but much weight and space is 
devoted to cooling equipment in an effort to 
overcome the heat problem. The elimination of 
this equipment as well as the small size of the 
transistors and circuit components makes the 
transistorized amplifier especially advantageous to 
the design of guided missiles where size and 
weight are critical factors.

Other advantages to the use of transistors are 
in their operating characteristics. The transistor 
has a much better signal-to-noise ratio than the 
vacuum tube. There Is less inter-electrode reac
tion and much less drift in a transistorized circuit.

D i s a d v a n t a g e s  o f  T r a n s i s t o r s . There are 
some disadvantages to the use of transistorized 
systems. A transistor is sensitive to direct heat 
such as may be encountered, when a circuit is 
designed to use vacuum tubes that are in close 
proximity to transistors. Transistors are easily 
damaged by application of a hot soldering iron. 
Special soldering techniques are required in re
pairing transistorized circuits.

POWER-TYPE AMPLIFIER UNITS

As stated before, power amplifiers deliver large 
amounts of power to a plate circuit load. Before 
investigating power amplifiers, you should become 
familiar with saturable reactors which are used in 
power amplifier units of missile control systems.

Saturable Reactor

A saturable reactor is, in effect, an inductor 
whose inductance can be varied by means of a 
control current. A magnetizing force (H ) is de
veloped when current flows through the winding 
of an ironcore inductor. This sets up a magnetic 
field (G) in the core. When the current is 
changed, the accompanying change in H causes 
a change In G. The change in G induces voltage 
in all of the windings that encircle the iron core. 
The induced voltage is proportional to the rate at 
which G changes. If G is proportional to H, the 
induced voltage is proportional to the rate at 
which the current changes. In some types of core 
material, the relation between G and H is like 
that shown In figure 5-92. A winding on such a 
core shows induced voltage when AC is passed 
through it. If DC is added in the same winding 
or in another winding, the variation in H no

j^ Y V Y Y Y V V ^

DC CONTROt WINDING
figure 5-92. G-W Curve far SQtvrabte Reactor
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longer takes place about an average value of zero. 
Instead, H oscillates about a value which cor
responds to the DC current. If this point is suffi
ciently far beyond the bend in the G-H curve, 
there will be only a small change in G and a 
small induced voltage. The result is that an in
ductor made of such material can be designed to 
have a high inductance when no DC flows in the 
windings and a much lower inductance when DC 
does How.

Saturable-Reactor Control of AC 
tnductanea Motor

Figure 5-93 shows a pair of saturable reactors 
connected so as to control an AC induction mo
tor. The main field of the motor is connected to 
the line in the usual way. One end of the control 
field winding is connected to the center tap of a 
transformer fed by the line. The other end is 
connected through a pair of saturable reactors to 
both ends of the transformer, When no DC flows 
through either reactor, the control field is not en
ergized. When DC flows through either reactor, 
the reactor’s inductance is decreased so that the

control field is connected to one end of the trans
former through a high impedance and to the other 
end through a low impedance. The control field 
is energized in one direction or the other, and 
forward or reverse torque is developed by the 
motor. The DC through the reactors is supplied 
by a pair of thyratrons. These tubes receive an 
AC error voltage and are connected to an AC 
plate supply.

The AC for the motor and the reactors may be 
of one frequency, and the error voltage and the 
thyratron anode supply may be of another. Vac
uum tubes can be used instead of thyratrons if the 
error signal is AC. If the error signal is DC, the 
signal might possibly be used directly to saturate 
the reactors, or a DC amplifier may be used when 
the signal is not strong enough to produce the 
desired degree of saturation.

Magnetic Amplifiers

A magnetic amplifier uses saturable reactors. 
These reactors have extra windings that carry a 
direct current called the bias current. Figure 5-94 
shows a magnetic amplifier circuit controlling an

A C  FOR REACTORS

r
PH ASE  SHIFT 
C A PA C IT O R

C O N T R O L  FIELD

M A IN
FIELD

A C  INPUT S IG N A L

Figure 5-93. Saturable Reactor Control Circuit for AC Motor
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Figurm $-94, Magnetic Ampiifimr Control Circuit for AC Motor

AC motor. It is nearly the same as the circuit for 
saturable reactor control except that the two re
actors have their control windings connected in 
series. The direction in which the bias current 
flows is so chosen that the magnetizing force de
veloped by the bias current aids the force de
veloped by the control current in one reactor and 
bucks the force of the other. In the absence of 
a control signal, the DCs arc the same in each 
reactor, and the control field of the motor is not 
energized. The control current and the bias cur
rent are, in effect, added in one reactor and sub
tracted in the other. Both reactors arc partially 
saturated in the beginning, and the control current 
saturates one even more and reduces the satura
tion of the other. A DC control signal is required, 
but this can be obtained from an AC error signal 
by means of a phase-sensitive detector.

Both the magnetic amplifier and the saturable 
reactor suffer from the fact that, because of the 
inductance of the control winding, a perceptible 
time is required to establish the control current. 
A magnetic amplifier is more desirable than a 
saturable reactor because it has neither moving 
parts nor vacuum tubes.

This presentation of amplifier units is not a 
complete explanation of all types of amplifiers

used in control systems. The intent here has been, 
to familiarize you with the more common types.

S E C T I O N S

C o n t r o l l e r  U n i ta

A controller unit in a missile control system 
controls the operation of the actuator which is 
responding to an error signal it receives from the 
sensing element. In some systems, an amplifier, 
whose output Is being applied to a motor, is the 
controller unit. This section considers only those 
controller units, other than amplifiers, which con
trol actuator units in a system. Note that the 
“controller” block follows the “amplifier” block 
in figure 5-3.

A description of solenoids follows because they 
are important components of controller units.

SOLENOIDS OPERATE VALVES AND RELAYS

A solenoid consists of a coil of wire wound 
around a hollow cylinder. It is used to produce 
a magnetic field. If a movable core of soft iron 
is placed inside the cylinder, the field of the coil 
tends to center the core into the coil when cur-
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Figure 5-95. Double Acting SoUnoid

rent is flowing. Solenoid coils with movable cores 
are used for remote control of various units such 
ns solenoid-operated valves and relays.

If two solenoids are arranged as shown in figure
5-95, they can control movement of a needle 
valve in a hydraulic system, pneumatic system, 
etc.

TRANSFER VALVE CONTROLS FLUID 
TO ACTUATING DEVICE

Transfer valves are used in control systems 
having hydraulic actuators. The transfer valve

s+

ACTUATOR

8 OPEN
Figur* 5-96. Transfer Valve

unit illustrated in figure 5-96 consists of a double
acting solenoid which controls the position of a 
spool in the transfer Valve unit. Figure 5-96A 
shows the spool in the closed position. The posi
tion of the spool determines how much fluid is 
allowed to flow to the hydraulic actuating device. 
In figure 5-96B the spool valve is shown displaced 
from its center position to allow fluid to flow 
under pressure to the actuating unit. Solenoid Si 
has a heavier current flow through its winding 
than solenoid Ss, thus Si attracts the spool. This 
action opens the ports. Now the hydraulic fluid 
is able to flow through the transfer valve to one 
side of the actuator. The fluid on the opposite 
side of the actuator is returned back through the 
exhaust port as shown.. A more complete drawing 
of the transfer valve and actuator is shown in 
figure 5-97. •

RELAY SWITCHES
CONTROL HEAVY-CURRENT CIRCUITS

Relay switches are used for remote control of 
heavy-current circuits. They are placed directly 
between the source of power and the controlled 
unit so that the cables carrying heavy current will 
be as short as possible. A relay switch consists 
of a coil or solenoid, an iron core, and fixed and 
movable contacts. Small wires connect the sole
noid coil terminals with the source of power which 
is the control signal. When a control signal is 
present, an electromagnetic field is set up around 
the coil.

In the relay switch shown in figure 5-98, the 
iron core is fixed. When the control signal is pres
ent, the core is magnetized by the field set up 
around the coil. The pull of the core on the piece 
of soft iron overcomes the force of a spring, thus 
closing the contacts. This action completes the
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RETURN PRESSURE IN

figure  5*97. Hydraulic Transfer Valve and  A duator

heavy-current circuit. When, the control signal is 
removed, the field around the coil collapses. Then 
the spring separates the contacts, breaking the 
heavy-current circuit.

TO HIGH POW ER CIRCUIT

figure 5-98. Relay Switch with fixed Iron Core

In another type of relay switch, part of the 
core is movable, as indicated in figure 5-99. 
Contacts are attached to the coil mounting but 
insulated from it. When the control switch is

TO  HIGH POW ER CIRCUIT 

________* . 1 _______

M O V A B L E  C O N T A C T O R

LO W  CURRENT CONTROL CIRCUIT

Figure 5-99. Relay Switch with Part of Iron Core
Movable.
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closed, the field around the coil causes the mov
able parts of the core to be drawn into the coil, 
closing the contacts and completing the heavy- 
current circuit. When the control switch is opened, 
ihc Held around the coil collapses, and the re- 
lurii spring returns the movable core to its original 
position separating the contacts.

The quicker a relay carrying a large current is 
opened, the less it will arc and the less the switch 
contacts will be burned. Relay switches used to 
control the circuits of large motors have strong 
return springs which open the switches quickly.

Relay switches have either an insulating spacer 
on each coil terminal or an insulating spacer on 
one coil terminal and a metal spacer on the other. 
If a metal spacer is used, it grounds the terminal 
to the coil case. No ground wire to that terminal 
is required.

To permit the circuits controlled by heavy-duty 
relay switches to carry heavy currents and still 
protect them against short circuits, a special type 
of fuse called a current limiter is used. A current 
limiter permits the large overloads required for 
starting motors but "blows” before the circuit is 
damaged if the overload is continued.

In figure 5-100, two air-pressure input lines of 
an air-actuated relay are connected to the relay, 
one to each side of a diaphragm. This type of re
lay is used in a pneumatic-electric control system.

INPUT A l t  INPUT U N£3

Figurm 5-TQO. A/rvActuof«d M a y

CONTROL 
FIELD

CO M PENSAT ING  
*— W IN D IN G

SHORT CIRCUIT 
C O N N EC T IO N

CO N TRO L
FIELD

D C  S IG N A L  INPUT 

f /g u rt J-fO f. fioiic Schematic of Amplldyn*

When an error is present in the system, an air 
pressure ii applied to one side or the other of 
the diaphragm. The diaphragm is forced over to 
complete an electrical circuit connection from 
terminal C to one of the other two terminals, A 
or B. In this manner, power is transferred across 
the relay into a suitable actuating circuit. Similar 
relays might be found in a hydraulic-electric sys
tem in which an electrical circuit is actuated by 
hydraulic pressure rather than air pressure.

AMPUDYNES AS SPECIAL TYPE 
OF DC GENERATORS

An amplidyne consists of a DC generator ro
tated by an external motor. The DC generator 
can be considered an amplifier since a small 
amount of power applied to the field coil controls 
many times as much power In the output of the 
generator, Aa amplidyne schematic is shown in 
figure 5-101. The DC input control voltage is 
used to excite the field structure which is shown 
as a pair of poles above and below the armature. 
Rotation of the armature in the control field in
duces a voltage In the coils as they pass through 
this magnetic field. Since these coils are in a 
vertical plane when crossing the control field, the
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Figure 5-102. Magnetic Fields in Ampiidynm

voltage appears at the upper and lower brushes, 
numbered l and 2. If a load were connected to 
these two brushes, the device would be an ordi
nary DC generator. Note that in the drawing, 
brushes 1 and 2 are tied together, or short- 
circuited. The resulting high current flowing in 
the armature produces a second magnetic field 
which is much stronger than the control field and 
at right angles to it. The lines of force of this 
second magnetic field lie in a horizontal plane. 
Armature coils cutting the second magnetic field 
have a voltage induced in them which appears 
across the second set of brushes, numbered 3 
and 4, located on the horizontal axis. This in
duced voltage is the output of the amplidyne.

A problem of major concern relative to the 
amplidyne is the cancellation of the control field. 
When load current flows, it flows through arma
ture coils which produce a magnetic field. The 
magnetic field tends to cancel the control field. 
This cancellation is an undesirable feature be
cause it reduces the amplification and causes poor 
regulation of the amplidyne system.

This cancellation tendency can be corrected by 
adding auxiliary windings to the field structure 
and passing the output current through them. 
The magnetizing force produced by passing the 
output current through the auxiliary field can be 
made to balance that produced by the flow of 
output current through the armature coils. The 
various magnetic fields are represented by arrows 
in figure 5-102. As shown, magnetic fields in an 
amplidyne occupy certain positions and have cer
tain directions, with respect to each other.

Fi represents the control field produced by the 
input voltage. F* is the magnetic field produced 
by high currents passing through the shorted cir
cuits. Fa is the magnetic field set up by the coils 
through which the output current flows and which 
opposes the control field. F< is the magnetic field 
produced by the output current flowing through 
the auxiliary windings that have been added to 
the control field structure. This magnetic field, 
F«, is equal and opposite to Fa and balances, or 
cancels, the effect of Fa.

The operating principle of an amplidyne hatf 
been explained. Application of the amplidyne is 
represented by figure S-103.

The amplidyne drive motor is connected to a 
DC supply which drives it at a constant speed 
and always in the same direction. The armature 
of the amplidyne, which is connected to the shaft 
of the amplidyne drive motor, is also driven at 
constant speed and always in one direction. The 
armature leads of the load-driving motor are con
nected to the amplidyne generator output brushes. 
The operation of the load-driving motor depends 
on the DC voltage generated by the amplidyne 
generator armature. In the illustration, one of the 
amplidvne control field windings is positioned 
on the weld poles in such a way that if equal cur
rents flow through both windings, the magnetic 
fields created will cancel. No voltage will be in
duced in the rotating armature since it is not 
cutting any lines of flux. When a greater current 
flows through the coil shown on the right (white 
lines) than through the coil on the left, a mag
netic field, having north and south poles as 
shown, is established. A voltage is generated in 
the rotating armature. Current then flows through 
the armature of the load-driving motor causing 
it to rotate.
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f/gi/re 5-103. Ampfrdyne G enerator Connecfed fo Load-Driv/ng Motor

After the “controller” block in the missile con
trol block diagram comes the “actuator” block. 
Actuating units are covered in the next section.

SECTION F 

Actuator Units
In any missile flight control system, the energy 

that originates with detection of an attitude error 
must be transformed into mechanical motion to 
actuate the appropriate control device. The con
trol system component that accomplishes this en
ergy transfer and transformation at the load end 
of the control system is the actuating unit, or 
actuator.

An actuator for a control system must be se
lected on the basis of the characteristics of the 
other components of the control system. It must 
be able to respond rapidly to the input error sig
nals. The response involves the time element be
tween reception of the signal and actuation of the 
control device. At the same time an actuator must 
produce an output of proper type and magnitude

for a given input. The output of the actuator 
must be in terms of some function proportional 
to the error signal and must meet the power out
put requirement necessary to move the load.

Generally, actuating units employ one or more 
of the following methods of energy transfer; hy
draulic, pneumatic, or electrical. Each method 
has certain advantages and each also has some 
disadvantages. The advantages and disadvantages 
of each method are explained in chapter 7, which 
deals with complete control systems.

HYDRAULIC ENERGY TRANSFER UNITS

The physical principle upon which the transfer 
of energy by hydraulic means is based is known 
as Pascal’s law. This law states that whenever a 
pressure is applied to a confined liquid, the pres
sure is transmitted undiminished in all directions 
throughout the liquid regardless of the shape of 
the confining container.

Application of this principle has been widely 
and successfully used for many years. A great 
number of the tools and machines that you have 
occasion to use from day to day contain some
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type of hydraulic energy transfer unit Proof of 
this statement is found in the hydraulic doorstop, 
hydraulic jack, hydraulic car brakes, hydraulic 
car lift, and automatic transmission for the auto
mobile. In the missile industry, applications of 
this same hydraulic principle are effectively used 
in the transfer of energy through automatic con
trol systems.

Generally, hydraulic energy transfer units are 
simple in design and construction. The major ad
vantage of a hydraulic system is that it eliminates 
the use of a complex arrangement of gears, levers, 
pulleys, etc., for the transfer, of energy. Reaction 
time of hydraulic systems is relatively rapid be
cause there is little slack or play to take up as 
compared to some mechanical systems. The forces 
generated at one point are transmitted rapidly 
and with small energy loss over considerable dis
tances. Also, the liquid component (hydraulic 
fluid) is not subject to breakage, and the com
plete mechanism is subject to less wear as com
pared to a totally mechanical system.

Before studying any particular hydraulic unit as 
used in a missile control system, consider the con
struction and operation of a typical hydraulic lift.

Basically, the hydraulic lift consists of a suitable 
container fitted with two pistons aod filled with a 
fluid which acts as the medium of energy transfer. 
This construction is shown in figure 5-104.

Note that an external force of 40 pounds is 
applied to the top side of the smaller piston. If 
the smaller piston has a surface area of 4 square

1 July 1972

inches, the 40 pounds of applied force produces a 
pressure of 10 pounds per square inch on the sur
face of the confined fluid. The larger piston, upon 
which the load is placed, has a surface area of 600 
square inches. The system pressure of 10 pounds 
per square inch acts on each square inch of the 
large piston, producing a working force of 6000 
pounds. You may conclude, then, that in addition 
to being used for the transfer of energy, hydraulic 
systems can also be used to produce a large output 
force with the expenditure of a much smaller input 
force.

Also note that the varying size of the container 
for the fluid and the irregular path of the delivery 
line do not (within limits) affect the transmission 
of the applied pressure. Another factor to re
member is that the ratio of output piston area to 
input piston area equals the ratio of output to in
put force. For a given pressure, the force produced 
by the working piston is directly proportional to 
its area.

In certain applications of hydraulic systems, 
the distance moved by the output piston may be  ̂
of primary importance instead of force amplifica
tion. For example, it may be desirable to have the 
output piston move some predetermined distance. 
This factor can be controlled by using pistons with 
properly related surface areas. Consider the hy
draulic system in figure 5-105. Both pistons have 
surface areas of 2 square inches. If the force ap
plied to the input piston causes it to move a dis
tance of 3 inches, then 6 cubic inches of fluid

A FM 52-31

APPUED  F O « C E = 4 0  P O U N D S  
P ISTON  A R £ A = 4  S O  IN  
P R E S S U R E S  O l V S Q  IN

W O R K IN G  PO RC£=6,O O C  P O U N D S

Figurm 5-104. Bode Diagram of Hydraulic Lift

5-67



AFM 32-31 1 July 1972

FI gure 5-105. Hydraulic System  with Equal Piston Displacement

have been displaced. In this instance, 6 cubic inch
es of fluid are in a cylindrical column with an end 
surface area of 2 square inches and a height of 3 
inches. This column of fluid must go someplace, 
so it displaces the output piston. Since the surface 
area of the output is 2 square inches, it must be 
displaced a lateral distance of 3 inches to make 
room for the 6 cubic inches of fluid.

Now consider figure 5-106 in which the sur
face area of the input piston is 2 square inches 
and the surface area of the output piston is 3 
square inches. If . the force applied to the input 
piston causes the piston to be displaced a distance 
of 3 inches, 6 cubic inches of fluid will be forced 
into the output cylinder. The output piston, hav
ing a surface area of 3 square inches, will move 
only 2 inches to make room for the 6 cubic inches 
of fluid. Neglecting frictional losses within a hy
draulic energy transfer system, the input force

times the distance through which it moves equals 
the output force times the distance through which 
the force acts. This force-distance relationship is 
an important factor in the design of hydraulic 
actuating units.

Now consider the application of pressure trans
mission in fluids to the actuation of attitude con
trol devices in missiles. Depending on the work 
to be performed, the parts of a hydraulic actuating 
system will vary in arrabgeriient and physical di
mensions. The illustration of a simple hydraulic 
system in figure 5- 1G7 shows the relative location 
of the basic components. The direction of fluid 
flow through the system is indicated by the arrows.

Referring to the illustration, you can see that 
power supplied by the electric motor drives the 
hydraulic pump. The pump unit forces fluid under 
pressure through the delivery line to the direction
al control valve. The automatically positioned

Figure 5-106. Hydraulic System with Proportional Piston Displacement

5-58



1 July 1972 AFM 52-31

OUTPUT P ISTO N U N K A G €  
TO LO AD

o x /

RELIEF VALVE

C O U PLIN G  

DRIVE M O T O R

i AUTOMATICALLY 
PO SIT IO NED  
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TRANSFER VALVE

HYDRAULIC  PUMP

ACTUATOR

O IR fCT lO NAL TRANSFER 
V A LV E  ASSEM BLY

Figure 5-107, Components of Simple Hydraulic System

directional transfer valve determines the direction 
of fluid flow into the piston-type actuating unit. 
By means of the actuating unit arrangement, the 
motion of the piston and the force acting on the 
piston are transmitted to the load (control device) 
by the mechanical linkage. The following para
graphs cover the basic components of this hy
draulic system.

Construction and Operation of 
Hydraulic Pumps

The primary energizing unit of the hydraulic 
system is the force pump. This pump can be 
driven by an electric motor or by some other 
energy source within the missile. Two types of 
pumps frequently used are the geared-type and 
the reciprocating or piston-type.

The geared-type pump consists of two tightly 
meshed gears which revolve in a housing as illus
trated in figure 5-108. The clearance between the

teeth of the gears and the housing is small. For 
operation, the intake port is connected to the fluid

Figure 5*108, Gear-Type Hydraulic Pump
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reservoir, and the output port is connected to the 
high-pressure delivery line of the hydraulic sys
tem. As the gear teeth pass the edge of the intake 
port, fluid is trapped between the teeth and the 
housing. This fluid is carried around the housing 
to the output port. As the gear teeth mesh in front 
of the output port, the fluid between the teeth is 
forced into the high-pressure delivery line. The 
hydraulic actuator and the load to which it is at
tached are displaced by the fluid being pumped 
through the system.

The second type of force pump that can be used 
in a hydraulic energy transfer system is the recip
rocating or piston-type pump. Pumps of this type 
depend on the back-and-forth motion of moving 
parts, working in conjunction with suitable valves 
to force the hydraulic fluid into the high-pressure 
line. One advantage of the piston-type pump is its 
ability to develop higher pressures (relatively 
speaking) than other types of pumps. Figure 5-109 
shows a simple double-acting pump which pro
duces a continuous flow of fluid. A greater quan
tity of flow and less pulsation of the flow can be 
achieved by increasing the number of pistons in a 
piston-type pump.

Note in the diagram that the piston can move 
in both directions (double-acting). As the piston

A FM 52-31

moves from right to left, a partial vacuum tends 
to develop in the right-hand section of the cham
ber. Immediately, fluid under atmospheric pres
sure in the reservoir forces valve 1 open and enters 
the chamber. At the same time, fluid on the dis
charge side of the pump attempting to reenter the 
chamber closes valve 2. The space left vacant by 
the piston as it moves from right to left is being 
charged with fluid from the reservoir. As the pis
ton moves from right to left, it exerts a force on 
the fluid in the left-hand section of the chamber 
closing valve 3 and opening valve 4. Fluid passes 
through valve 4 to the pressure line. When the 
piston reaches the extreme left position, the cham
ber section to the right of the piston is completely 
filled with fluid. On the return stroke, from left 
to right, valve 4 closes, and valve 3 is forced open 
by fluid from the reservoir which enters the cham
ber to fill the space left vacant by the piston. At 
the same time, valve 1 closes, valve 2 opens, and 
fluid is forced into the delivery line.

To summarize this action, on the right-to-left 
piston stroke, fluid enters valve 1 and is discharged 
through valve 4, while valves 2 and 3 are closed. 
On the left-to-right piston stroke, fluid enters 
valve 3 and is discharged through valve 2, while 
valves 1 and 4 are closed.
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Figure .5-709. Ooubia Acting Plston-Typ* Hydraulic Pump
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figure  5-1 10. Typical Hydraulic Prasiurm Rtliet
Valve.

Function af a Reservoir In a Hydraulic System

A reservoir is the storage place for the fluid 
used in a hydraulic system. Fluid flows from the 
reservoir to the pressurizing pump which forces 
the fluid throughout the hydraulic system. The 
reservoir also receives the returning fluid after it 
has performed the desired work on the hydraulic 
actuator piston.

return port and reenter the reservoir. The pres
sure in the hydraulic system can never go above 
the value necessary to overcome the force exerted 
by the spring designed for that particular system.

Construction and Operation of a 
Hydraulic Accumulator

An accumulator acts as an auxiliary storage 
place for hydraulic fluid under pressure. In so 
doing, it tends to dampen out pulsadons or pres
sure surges in the hydraulic system. Pulsating 
flow in a hydraulic system would cause vibration 
of components and unsteady operation of the con
trol devices to which the actuators are linked.

Accumulators may be of either the floating 
piston type or the diaphragm type, both of which • 
are shown in figures 5-111 and 5-112.

The floating piston-type accumulator consists 
of a metallic cylinder separated into a hydraulic 
fluid chamber and an air chamber by the floating 
piston. The diaphragm type consists of two hol
low hemispherical pieces of metal separated into '

Construction and Operation of a 
Typical Relief Valve

Pressure-relief valves are used to limit the pres
sure in a hydraulic system to some maximum value 
and prevent damage to parts of the system. Some 
hydraulic systems use hydraulic pressure-regulating 
switches instead of relief valves. Such switches 
control the power-pump operation in response to 
pressure changes within the system.

The typical pressure-relief valve shown in figure
5-110 consists of a metallic housing with two 
ports. One port is connected to the pressure line 
of the hydraulic system. The other port is con
nected to the reservoir return line. Notice that the 
spherical ball is held seated in the restricted sec
tion of the pressure line by a spring, which pre
vents fluid from passing to the reservoir return 
port under normal operating conditions. When the 
pressure at the pressure-line port becomes great 
enough to overcome the force exerted on the ball 
by the spring, the ball is moved, off its seat. This 
action allows fluid to escape through the reservoir

C O N N E C T IO N  TO 
PRESSURE LINE

HYDRAULIC  FLUID

METALLIC  CYLINDER

FLO A T IN G  P ISTO N

C O M P R ESSED  A IR  
C H A R G E

JjTT™  •:*.-v.;:
- V .* > ii v  : \ iy

"« • • * * 4 • ••* ’ • •

AIR FILL FITTING

Figurm 5-TTT. Floating Phte>n-Typ* Hydraulic 
Accumulator
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Figure 5-712. Diaphragm-Type Hydraulic 
Accumulator

a hydraulic fluid chamber and an air chamber 
by a flexible diaphragm. In both types, the air 
chamber is charged with compressed air to a pres
sure corresponding to the line pressure desired in 
the hydraulic system which exerts a force on the 
piston, or the diaphragm. If the line pressure 
builds up higher than the air pressure in the ac
cumulator, fluid is forced into the hydraulic fluid 
compartment. This fluid pushes the piston down, 
or depresses the diaphragm, further compressing 
the air in the air chamber. During periods of peak 
load or power-pump lag, the compressed air 
forces fluid from the accumulator back into the 
hydraulic system. By building up pressure in an 
accumulator, variations in hydraulic-system line 
pressure arc smoothed out. \

Function and Operation of a 
Hydraulic Actuator

The purpose of a hydraulic actuator is to trans
form fluid pressure into the mechanical force 
necessary to move some type of control devic.. 
A basic hydraulic actuator consists essentially of 
a cylinder, with suitable fluid intake and exhaust 
ports, fitted with a piston and connecting rod. 
The actuator shown in figure 5-107 of a simple 
hydraulic system is a double-acting piston type. 
In the actuator, the pressurized hydraulic fluid 
can be applied to either side of the actuator pis
ton, thus producing motion In either of two direc
tions. On the upstroke, fluid under pressure 
enters the cylinder below the piston, forcing the 
piston up and forcing the fluid above the piston 
back to the reservoir. The downstroke of the 
actuator piston results when fluid enters the cylin

der above the piston. In this instance, the fluid 
below the piston returns to the reservoir.

A second method of energy transfer involves 
the use of pneumatic units.

PNEUMATIC ENERGY TRANSFER SYSTEMS

Energy transfer systems that use air as the 
medium of energy transfer are referred to as 
pneumatic systems. Basically, the operation of a 
pneumatic system is similar to the hydraulic sys
tem just discussed. The most prominent difference 
between the two systems is that the medium of 
transfer in the pneumatic system is a gas while 
the medium of transfer in the hydraulic system 
is a liquid.

In a pneumatic system, air from a pressurized 
source passes through suitable delivery tubes, 
valves, and pressure regulators to do work upon 
some mechanical unit. The pressurized source 
generally consists of high-pressure air stored in 
metal tanks. The pressure energy, originally pos
sessed by the air, is transferred from one point 
to another where it is transformed into mechan
ical work by a piston, or diaphragm, which is 
connected to the missile control device.

Unlike a hydraulic system, a pneumatic system 
does not re-use its transfer medium after it has 
performed work on the load. For that reason, the 
air must be stored at a pressure much higher than 
that necessary for actuating the load to maintain 
adequate system pressure as the stored air supply 
diminishes.

The pneumatic system has had very limited 
usage and there is only limited coverage in this 
text.

ELECTRICAL ENERGY TRANSFER SYSTEMS

Electrical energy transfer systems are numer
ous. The assembly of electrical components into 
systems for transferring energy varies widely, de
pending on the job the system must perform in a 
missile. The objective of such a system relative 
to actuating control devices is to transfer electrical 
energy from one point to another where it is 
transformed Into mechanical motion of a control 
device. Generally, motors are used as the actu
ators in electrical energy transfer systems.
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The type of electric motor used as :in actuator 
depends primarily on the size of the load and the 
speed with,which the load must be moved. In 
general. DC motors develop higher stall torque 
than AC motors and arc more often used for 
driving heavy loads of the type encountered in 
high-speed missile control. An AC motor is in
herently a constant-speed device and thus not 
suitable for the requirements of a servomotor 
where variation in speed of rotation is necessary. 
This factor also makes the DC motor more ap
plicable than the AC motor as an electric actu
ator.

The armature of the DC motor is mechanically 
linked to the load and some means of controlling 
the speed and direction of rotation must be used. 
1wo ways of accomplishing this control are by 
controlling the voltage applied to the field coils 
and controlling the armature voltage. Controlling 
the field voltage would permit control of arma
ture speed only, upward from a certain minimum 
speed. To permit the speed of rotation of the 
armature to be zero at times, the armature 
method of control must be used. If no current 
flows through the armature windings, no rotation 
is produced. When current' does flow through the 
armature windings, the speed and direction of ro
tation will be determined by the magnitude and 
phase of the error voltage. Usually, the servo
motor armature voltage is controlled by feeding 
the error voltage into the field o£ a DC generator, 
the output of which is fed to the armature of the 
DC motor.

Figure 5-113 shows the schematic arrangement 
of the components of a DC servomotor. The DC 
generator armature is driven at a constant speed

of rotation. When the DC generator field is en
ergized by the amplified error signal current, a 
voltage is induced in the armature coils which 
are cutting the magnetic field. The output voltage 
induced in the armature coils is proportional to 
the speed of rotation of the generator arm a Lure 

and the magnetic field strength. Since the 
armature is driven at constant speed, the output 
voltage of the generator varies with the magnetic 
field. The magnetic field is proportional to the 
magnitude and polarity of the signal voltage used 
to excite the field. The variable output of the 
generator is fed to the armature of the DC ser
vomotor. The field of the DC servomotor is ex
cited by a constant DC source. The direction and 
speed of rotation of the armature is proportional 
to the polarity and magnitude of the armature 
current. The armature of the DC motor is me
chanically linked to, and drives, the control de
vice.

Use of a DC motor as an actuation unit con
trolled by a generator, as shown in figure 5-113, 
produces an undesirable reaction which must be 
eliminated if servo control is to be efficient. The 
problem arises because of the tendency of the 
magnetic structure of the generator to remain 
magnetized. It tends to remain magnetized after 
the magnetizing current has beep diminished to 
zero by correction of the control misalignment 
that produced that current. This residual mag
netic field tends to induce a small output voltage 
in the rotating armature coils even during the 
absence of field excitation current. This reaction 
is extremely undesirable for servo applications, 
because the DC servomotor will continue to de
velop torque (rotate) in the absence of an error

Figorm 5-113. Basic Schtm oiic o f DC Motor used os A dva tor
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signal. A reaction of the type just described 
causes the load to move farther than desired

This problem can be solved by using additional 
uhidings on the generator field structure. If those 
auxiliary windings arc excited by low-level AC. 
the alternating magnetic field which results causes 
ilie average magnetization of the generator field 
to fall to zero when there is no excitation current 
flowing in the main field winding. The AC flow
ing in the auxiliary winding also causes small 
fluctuations in the main magnetic field. This re
action produces a small AC component in the 
generator output to the servomotor.

As a solution to this secondary problem, in
stead of the additional windings for inserting an 
alternating magnetic field, small permanent mag
nets are mounted on the generator armature in 
such a way as to revolve with the armature. This 
arrangement of permanent magnets provides an 
alternating magnetizing force for the generator 
field and permits the DC output of the generator 
to fall to zero when the. main field is not excited. 
Since the permanent magnets have a fixed position 
relative to the armature coils, they cannot induce 
voltage in these coils. The generator output is 
free from AC components and the servomotor 
torque is more accurately controlled by the error 
voltage.

COMBINATION-TYPE 
ENERGY TRANSFER SYSTEM

In some instances, actuators for control devices

employ two dilTcrcnt methods of energy transfer 
to achieve the desired results. For example, an 
electro hydraulic actuator consists essentially of 
a hydraulically operated piston whose direction 
of motion is determined by an electrically posi
tioned selector. Actually, this device could be 
considered a controller-actuator combination. The 
electrically positioned valve acts as the controller, 
and the hydraulically driven piston is the actuator. 
The compact arrangement of the components of 
this combination-type actuator justifies an expla
nation of it in this section.

Figure 5-114 illustrates the arrangement of 
the components of a typical etcctro hydraulic 
actuator unit.

Notice that the solenoid valve controls the in
put and output of hydraulic fluid to and from the 
actuating cylinder. The position of this valve is 
determined by the polarity of the error signal in
put. Also, the length of time that the valve remains 
in a certain position depends on the time interval 
during which the error signal of a certain polarity 
exists.

As illustrated in figure 5-114, the valve and 
piston occupy neutral positions. Assume that an 
error signal of a given polarity exists that will 
cause the valve to move toward the right as indica
ted by the dotted lines. This new valve position 
permits high-pressure fluid to pass through the 
valve into the actuating piston. The actuating 
piston is forced toward the left, and at the same 
time, fluid on the left side of the piston is forced

H IG H  PRESSURE INLET

TO  LO A D

figure 5-TT4. Boric Schematic of E/ectcohydrau/fC Actuator
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out through the valve by way of the left exhaust 
port. During this action, the exhaust port located 
on the right is closed. When the altitude error 
has been corrected, the valve and actuating piston 
will again Ire in neutral positions.

When an error signal of opposite polarity 
exists, the solenoid valve moves toward the left. 
High-pressure fluid now enters the actuating cyl
inder on the left side of the piston and forces it 
toward the right. Fluid forced from the right sec
tion of the actuating cylinder passes through the 
valve and escapes by way of the right exhaust port.

Remember, a hydraulic system is a closed loop. 
If the rest of the system were shown in the illus
tration, the exhaust ports would be connected to 
the hydraulic reservoir. The fluid displaced by 
movement of the actuator piston would be .re
turned to this reservoir.

USES OF MECHANICAL LINKAGES 
FOR ENERGY TRANSFER

To transfer energy effectively from the actuator 
to the control device in an attitude control sys
tem, some type of mechanical linkage must be 
used. With proper design, a mechanical linkage 
(in addition to transferring the energy) also per
mits a more advantageous application of a given 
force to the control device. This advantage is ac
complished by changing the point of application 
as well as by producing an amplification of the 
torque moment.

To explain these statements further, consider 
a situation in which a hydraulically operated pis
ton is being used to actuate a control surface de
signed to rotate about an axis as illlustrated in 
figure 5-115A.

With the piston rod connected to the diametric 
center of the control-surface shaft as shown, no 
rotation of the shaft results, regardless of the 
force exerted by the actuator.

But, suppose the output force of the actuator 
is applied to a lever arm fixed to the control- 
surface shaft and the point of application is some 
certain distance (d) from the axis of rotation. 
This arrangement is illustrated in figure 5-115B. 
Now the control surface rotates because the force 
exerted by the piston is applied at a distance from 
the axis of rotation and produces a torque moment 
for a given force. In the diagram of an actuator

A X IS  OF

s
A X IS  OF 

R O TAT IO N

B  ACTUATOR LINKED TO L O A D  THROU G H  A  IE V E R  ARM  

figure 5-H5. Mechanical Linkage
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C O N TR O L DEVICE

M E C H A N IC A L  L IN KAG E 
O F  LEVERS A N D  BELL C R A N K S

FUEL

figure 5*116» Levers and Be// CronJci vied as Mechanical Linkage to Actuator and Load

without a lever arm, the force of the piston is 
applied at zero distance from the axis of rota
tion; the torque moment Is zero.

Mechanical linking devices generally consist 
of an arrangement of gears, levers and/or cables. 
The linkage must be arranged so that the phase 
and magnitude of the actuator output will cause 
movement of the control device, of proper magni
tude and direction, to correct the existing attitude 
error. Reversals in actuator output produce re
versals in the direction of motion of the mechani
cal linkage components. Such reversal motion 
causes a reversal in the direction of motion of 
the load.

To sum up this section on mechanical linkages 
for energy transfer, study figures 5-116, 5-117, 
md 5*118. They show various arrangement for 
mechanically linking the actuator to the load. In 
each case, imagine that the actuator is moving in 
some given direction, and follow the resulting 
motion through the mechanical linkage to the 
load. Then reverse the direction of the motion of 
the actuator and again mentally follow the action 
of the mechanical linkage and direction of dis
placement of the load.

REVIEW OF ENERGY 
TRANSFER METHODS

the control system. The merits of each method are 
considered in chapter 7.

The transfer of energy by hydraulic units is 
based on Pascal’s law which states that whenever 
a pressure is applied to a confined liquid, that 
pressure is transmitted undiminished in all direc
tions throughout the liquid regardless of the shape

The method of energy transfer used in an actu- Figvn 5. , , 7 G, ar jram-Typ, of M.chanlcal 
aling unit depends on the other components of Linkage
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Figure 5 -JJ8 . Cob/® UnJcag* from Actuator* to Control Surface*

of the confining container. Basically, a pneumatic 
system operates in a manner similar to a hydraulic 
system. A principal difference of the two systems 
is the medium used for transfer of energy. Liquid 
is used in hydraulic systems, while air is the me
dium in pneumatic systems.

The assembly of electrical components in mis
sile electrical energy transfer systems varies widely 
according to the job the system must perform. 
These systems generally employ DC motors as 
actuators. Sometimes, two methods of energy 
transfer arc employed in an actuator unit, An 
electrohydraulic actuator is such a combination 
unit. It consists of a hydraulically operated piston 
whose direction of motion is determined by an 
electrically positioned selector;

Energy transfer by mechanical linkages in mis
siles may be done by an arrangement of gears, 
levers, and/or cables.

S E C T I O N  G 

F o l l o w u p  Units

A followup unit of a missile control system pro
vides continuous information on control-surface 
position in relation to the airframe by means of

a followup signal. This information is usually, 
called followup since it indicates how the output 
of the control system is following an error signal.

FOLLOWUP SIGNALS INDICATE OUTPUT OF 
CONTROLLING EQUIPMENT

A followup signal is an indication of the output 
of the controlling equipment. The signal is ap
proximately proportional to the surface deflection 
from streamline. It is an indication of the output 
of the controlling equipment. Missile deviation is 
represented when the signal combines with the 
error signal.

Without a followup signal, there would be 
nothing but varying air pressure to prevent the 
control surface from swinging its limit and "hitting 
the stops” any time an error signal from the sensor 
existed. The followup enables a surface to deflect 
an amount which depends on error signal strength. 
It also provides a signal to return the surface to 
streamline.

The followup signal combines with the error 
signal in a manner that opposes the error signal. 
The error signal is large enough to produce the 
necessary surface deflection. When the followup 
becomes as large as the error signal, the surface 
does not deflect any farther since the resultant of
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the two signals is zero. (The resultant is the signal 
that operates the control surface.) If an error 
signal is strong, the surface deflection is large be
fore the signals exactly counteract. Since the missile 
then starts returning to the desired heading, the 
error signal becomes less. The followup signal is 
then the larger, so the resulting voltage is reversed. 
This reversal moves the control surface in the 
opposite direction, until it is again streamlined. 
Such action provides smooth and rapid control 
which cannot be matched by an “on-ofF‘ system 
which affords intermittent control and overcon
trolling.

FOLLOWUP LOOPS
SUPPLEMENT MAJOR FEEDBACK SIGNAL*

A Followup loop supplements the major feed
back signal of a control system. The followup 
loop has a generator which creates a feedback 
signal that is in addition to the major dynamic 
feedback path. The major path represents infor
mation on the reaction of the missile attitude fed 
back to the sensor. The angular movement of the 
aircraft completes this major loop. The minor 
feedback path (followup loop) returns informa
tion on the reaction of a control surface rather 
than the reaction of a missile. This return com
pletes a minor loop which includes less equipment 
and is of less importance, in principle, than the 
major loop. Both loops are included in the basic 
missile control block diagram shown in figure 
5-3. The followup loop is shown in figure 5-119.

The additional feedback loop increases the 
speed at which the missile responds to an error. 
The fundamental automatic control principle of 
using the reaction of the controlled item as a

basis for further and continuous correction has 
already been mentioned.. In a missile system the 
controlled item is missile attitude. If this reaction 
were the only guide to further correction, it would 
occur loo late to provide fine control. The reac
tion would be late because of aerodynamic lag. 
When the control surface is deflected, an addi
tional period of time elapses before the missile 
returns to the desired attitude. The deflection of 
the control surface determines the force tending to 
move the airframe, not the airframe position di
rectly.

Without a followup loop, a missile would tend 
to oscillate about the desired heading. Consider a 
missile without followup turning to the right as 
the result of a gust of wind. The sensor detects 
the error and deflects the rudder to the extreme 
left to get the missile back on course, A left rud
der position is maintained as long as this error is 
detected. Ailcr a short time, the missite returns 
to the desired heading. The sensor detects this 
fact by means of the major feedback loop, but 
the missile is now well on its way toward a'left 
deviation which requires a right rudder. The op
eration repeals itself, creating cyclic movement 
dependent on the missile aerodynamics and the 
control-system characteristics,

The followup loop sends back earlier informa
tion since it docs not include the lag of missile 
reaction. The signal is not without delay, however, 
since the control equipment is not instantaneous.

This system lag is shown In figure 5-120 which 
illustrates the combined error and followup sig
nals. Consider any instant during the period that 
the error signal is increasing. At this instant the 
followup signal is less than the error signal. This

figure 5-119. followup loop of Missile Control System
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ERROR SIGNAL

produces a resultant signal. A certain lag time is 
required before the followup signal reaches the 
error signal amplitude which existed at the instant 
considered. This time is shown as “ lag” in figure 
5-120.

The figure shows that the followup signal is 
added to the error signal with such polarity as to 
oppose the error signal. This type of feedback is 
therefore degenerative. It also can be called in
verse or negative feedback. It is comparable to 
the inverse feedback found in many electronic 
amplifiers.

The signals are combined to produce a resultant 
which is the output from the mixer circuit. Mixers 
are described in the section on computer units.

The resultant is the corrector signal which oper
ates the control surface.

FOLLOWUP GENERATORS 
DETECT SYSTEM OUTPUT

The devices which detect system output are 
called followup generators or control-surface pick- 
offs. They arc position-detecting devices such as 
selsyn generators or resistance pickoffs.

Followup generators are mechanically connected 
to the actuator, control surface, or the linkages 
between them. A followup generator can be con
nected to jet vanes or movable steering jets if 
they arc used to provide missile correction. Every
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generator is nulled lit the neutral position of the 
control surface.

Sdsyn generators and resistance pickoffs arc 
similar to the pickolTs used with gyros to detect 
missile attitude. These devices arc explained in 
the section on sensor units.

Mechanical Followup

Followup information can be transmitted me
chanically rather than electrically. In this type of 
system the control surface position is indicated by 
a force which is carried back to the controller by 
means of springs and levers.

This type of followup is not used extensively 
because of inherent lag in the system caused by 
play in the mechanical linkage. The electrical feed
back circuit is preferred because of the instant 
response time of electrical signals.

Feedback Loops Complete Closed Cycle

The feedback loops complete the closed cycle 
of the missile flight control system.

Sensor units detect deviation from the desired 
flight path of the missile. Computer units change 
the sensor signals to represent the type of informa
tion needed. A control system would be unable to 
make desired changes in flight conditions without 
reference units. The fundamental purpose of am
plifier units is to provide an enlarged reproduction 
of the input signal. Control units are necessary 
to control the amount and direction of movement 
of actuators. Actuator units transform and transfer 
energy at the load end of the control system. Fol
lowup units provide continuous information on 
control surface position in relation to the missile 
airframe.

The next chapter presents components used to 
make up a missile guidance system.
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Guidance Systems Components

We cannot proceed very far with missile devel
opment before realizing that we must give attention 
to the characteristics of the guidance system.

Guidance is the process of intelligent maneu
vering that enables the missile to reach its specified 
destination. The general term “guidance” Includes 
the entire scheme, both attitude control and path 
control; that is, guidance requires the sensing 
devices, computers, and servosystems necessary 
to convert the guidance commands into missile 
response. Guidance may be separated into phases 
of the flight path: initial (or launch), mid-course, 
and terminal.

The term “guidance system” is usually more 
restrictive. It is applied to a system that measures 
and evaluates flight information, correlates this 
information with target data, converts the results 
into parameters necessary to achieve the desired 
flight path, and furnishes this data in the form of 
commands, to the missile control system.

Any guidance system must employ certain com
ponents. There must be an adequate number of 
stages in the system to accomplish the guidance 
function, The various stages, shown in figure 6-1, 
arc taken up in the following sections.

The first block of the diagram, the sensor unit 
block, refers to the devices used to detect various 
forms of energy, such as electromagnetic, light, 
heat, or sound waves. The devices then translate 
the energy into a form usable within a missile. 
Sensors not only include the devices used to detect 
the energy radiations, but they also include the 
means by which the radiations are relayed to the 
other circuit elements. In addition, the sensor 
unit includes accelerometers used to sense changes 
in motion.

From the sensor unit, the information signal 
is passed to the computer unit, the next block in 
the diagram. Here the signal is “interpreted” so 
it can be applied to circuits that will actuate the 
control surfaces. Here are decoders, integrators, 
differentiators, signal mixing devices, and count
ing devices, to name only a few. This unit can 
be considered as the “brains” of the missile guid
ance system. The computer unit makes calcula
tions and comparisons of external and internal 
information at microsecond intervals to keep the 
missile on course.

Also feeding into the computer unit is the refer
ence unit. To obtain a set of guidance conditions,

Figure 6-1. Stages of Missile Guidance System
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two sources of information often must be com
pared. This information may come From an outside 
source or it may be some form of recorded in
formation that was put into the missile prior to 
launch. The function of the reference unit is to 
establish the conditions and refer the signals ob
tained from them to the other circuitry for com-

•

putation, amplification, and power conversion to 
the control system.

The guidance signals, after proper recognition, 
must be amplified sufficiently to become usable 
in the remaining units of the missile. The amplify
ing block contains circuit elements that give 
“energy” to the system. These amplifying devices 
may react to voltage, current, frequency, or com
bination; of these, and then increase their opera
tional effect.

The “muscles” of the guidance system arc con
tained in the control system. Relays, solenoids, 
servomotors, and other actuating units go to work, 
putting into operation the result of numerous 
calculations, comparisons, and amplifications of 
the initial guidance request made to the system.

The control system is sometimes considered as 
a system in itself since its operation is separate 
from the guidance system. This is true in the 
sense that it may control the thrust unit and cause 
movement of jet vanes, swiveling engines, aero
dynamic surfaces, or the like, to maintain attitude 
stability and to correct deflections caused by wind 
gusts or oilier disturbances. One of the functions 
of the control system is to respond to commands 
from the guidance system. So it is an integral 
component of the guidance system.

The function of the feedback unit depends upon 
the type of guidance system. It can be thought 
of as. the part of the system that helps to dis
tinguish signals that are right from signals that 
are wrong, and to smooth out the actions of the 
system. It constantly observes the guidance signals 
and attempts to increase or decrease their effects 
to obtain desired results.

We should understand that the components of 
the block diagram not only relate to the functions 
that take place within the missile itself but also to 
various outside factors as well. With this in mind, 
you will later be able to see how the reference 
unit may refer to a ground base unit that is setting 
up the reference. The computer section may or 
may not be contained within the missile, or the
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section could be a combination of both outside 
equipment and missile-contained equipment that 
is tied into the operation of a missile.

SECTION A 
Sensor Units

This section presents the first block of the guid
ance system, the sensor unit, which detects the 
various forms of energy or phenomena.

Guidance can be performed by any one, or 
combination, of several different methods. Meth
ods, as used here* refer to the principal overall 
guidance system. Some of the systems arc pre
sented in relation to the sensing element used in 
conjunction with them. The general methods of 
guidance arc listed below:

•  Preset.
• Command.
•  Beam rider (direction along a beam).
•  Hyperbolic (direction by navigational net

work).
• Celestial navigation.
• Terrestrial reference (including earth phe

nomena),
• Homing.
• Intertial.

METHODS USED IN MISSILE GUIDANCE

To understand and appreciate the problems that 
may arise in choosing a specific guidance system, 
we should first have an overall picture of the 
guidance methods listed above.

In the preset method of guidance, the control 
equipment is contained wholly withia the missile. 
Ail adjustments to course, altitude, speed, and 
dump-point must be made prior to launch time. 
Having a missile fly a predetermined path in such 
a manner has both advantages and disadvantages. 
A major advantage of the preset method is that 
countermeasures against such a missile arc quite 
limited. A major disadvantage is that after missile 
launch, no correction can be made for factors 
not previously anticipated.

In the command method of guidance, the intel
ligence for missile guidance comes from outside 
the missile. The missile contains a receiver that 
receives directions from a ground station or mother
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aircraft and executes these commands through 
the control system and the control surfaces. Usual
ly, in the command system, several channels are 
operated from the control point by modulating 
the transmitted signal at various frequencies. 
Changes in altitude, direction, speed, or any other 
factor may be made as desired by the controlling 
operator.

Sometimes a television system is used to give 
additional accuracy to this method, especially 
when the mother aircraft is endangered by accom
panying the missile over hostile terrain. The con
troller then has the same viewpoint as if he were 
physically in the missile, guiding it to the target. 
The use of a television repeat-back system is 
limited to target areas that are not overcast. A 
disadvantage to the command system is that it is 
subject to enemy jamming.

When using the beam-rider method, the missile 
contains equipment which enables it to follow an 
electronic beam. In this method, the missile is 
launched into the beam. As the beam is directed 
toward the target, (he missile tends to keep itself 
centered on the beam until it hits the target. This 
beam should not be confused with the radar beam 
that follows (tracks) the target. The two beams 
are illustrated in figure 6-2.

'f'he hyperbolic method can be used as a long- 
or short-range navigational network. Such a sys
tem consists of master and slave stations putting

out low-frequency pulses at constant intervals. 
The slave station is triggered by the master station 
and transmits its pulse a few microseconds after 
the master pulse. By using automatic computers 
contained in the missile, the missile establishes 
position by an imaginary line of position set up 
by the master and slave stations.

The celestial navigation method is highly com
plex. It consists of a mechanism that takes celestial 
fixes and, through electronic means, keeps the 
missile on course. This method is used primarily 
for long-range guidance. Its general operation is 
somewhat as follows:

Star-tracking telescopes take a fix on some.pre
determined star, and the information obtained is 
fed to an electronic computing device that deter
mines the position of the missile relative to the 
earth. Necessary controls are activated by the 
error voltages developed if the missile docs not 
coincide with predetermined values set into the 
missile. This system would only be used on long- 
range missiles since it is necessary for the missile 
to fly at high altitudes above the weather where 
the stars are constantly visible. This method is 
illustrated in figure 6-3.

In the method involving terrestrial reference, 
missile position is determined through the use of 
charts, and some characteristic property or phe
nomena of the earth. A system of map matching 
is commonly used. A comparison of maps that

Figure 6-2. Beam-Rider M ethod o f M issile Guidance
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Figure 6-3. Cehitial Navigation for Long-Range Mistiles

were previously obtained by reconnaissance mis
siles to the target area is made by electronics 
equipment contained in the missile.

Systems are also being devised which guide 
missiles by using the earth’s gravitational, mag
netic, and electrical Helds. Much cosmic research 
work is being done to determine tile effect that 
these cosmic rays have on the earth’s magnetic 
and electrical fields.

A homing system may be used during the ter
minal phase of flight on most missiles. Many short- 
range missiles use homing as the only method of 
guidance. In this method, the missile guidance 
system is sensitive to some emissions from the 
target. The guidance locks on to these emissions 
and the missile homes on the target. The missile 
is led to the target by characteristics of the target 
itself. Homing systems have been devised to guide 
on heat waves, radar echoes, radio waves, light 
rays, and sound waves. These are illustrated in 
figure. 6-4.

Radar homing systems are generally divided 
into two types. In one type, a radar transmitter 
at a ground location or in a mother aircraft directs 
a beam toward the target. The reflected pulse of 
energy is detected and measured by the radar 
receiver in the missile. A. highly directional an
tenna system is used in both the transmitter and 
the receiver installation. The main disadvantage

is that the transmitting equipment needs to be 
within linc-of-sighl distance from the target.

In the other type of radar homing, the missile 
itself transmits and receives the radar pulses as 
illustrated in figure 6-4. Here again, the target is 
“illuminated” by the radar transmitter, giving the 
missile a target that stands out well from the target 
background. This system of homing Ls well 
adapted to both short- and long-range missiles. 
Radar homing systems are subject to enemy jam
ming.

Heat-homing devices depend on the fact that 
radiations arc given off from bodies at intensities 
that differ from those of their surroundings. These 
radiations, or infrared rays, are detected by a 
device that translates these variations into voltage 
changes. The voltage changes arc amplified into 
steering directions for the missile.

Light-seeking homing systems operate much 
the same as hcat-secking types except that they 
contain a photoelectric device instead of a thermal 
device to home on the target. The light-seeking 
types arc limited by visibility conditions.

The inertial guidance system is considered by 
many missile experts to be the ultimate guidance 
system for use against large stationary targets. 
An important advantage of this system is its com
plete independence of outside information once 
the missile is launched. Because of this, the system
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can neither be detected nor jammed by external 
means. The system is very complex and expen
sive.

The operation of an intertial system depends 
upon the accurate detection of all missile acceler
ations. The accelerations must be integrated once 
to obtain velocity and then integrated a second 
time to obtain distance. A computer can take this 
information and compare it with the desired veloc
ity and distance for a particular trajectory. The 
computer then issues commands to the propulsion 
and control systems to make any corrections that 
arc necessary.

S E N S IN G  E L E M E N T S

A more detailed operation of the guidance sys
tems is presented in chapter 9. For the present, 
consider the various types of energy, or phenom
ena. with which the guidance function is per
formed, and the devices that detect these energies. 
In selecting a type of sensing unit to detect the 
forms of energy and guide the missile to its target, 
wc must.consider many items, some of which are 
as follows:

* Maximum range,
♦ Information required.
• Accuracy.
•  Operating conditions.
♦ Viewing angle of sensor.
• Sensor size and weight.
* Type of target.
♦ Relative speed of target.

Electromagnetic Sensors

Included within the electromagnetic methods of 
guidance are the systems operating by means of 
ratlio or radar transmission.

Radio Sensors. Use of a radio system, or bea
con, in guidance units depends on suitable trans
mission into the target area. Although radio 
systems have a greater range than the highcr- 
frequency radar systems, they arc not dependable 
unless operated under proper conditions. The 
effects of atmospheric changes limit the use of 
this system over great distances. Higher-frequency 
electromagnetic waves are little affected by weath
er, but are limited to line-of-sight distances since 
they are not refracted by the ionosphere.

Guidance by the use of radio can be accom
plished in a number of ways. Most of these ways 
depend on the use of two or more radio transmit
ting stations which in combination establish some 
coordinate system oh the surface of the earth. 
Such a system, known as the hyperbolic system 
of guidance, provides for a navigational network 
in which the missile can be self-located. Loran 
is an example of the type which continuously 
transmits a coordinate system. Another variety is 
shoran in which the coordinate system is estab
lished only upon receipt of an interrogating radio 
wave from the missile. By proper choice of wave
lengths, these systems can be made to operate up 
to at least 1000 miles, or they may be restricted 
to horizon operation. In combination with other 
guidance devices used for homing, the navigation 
network is very versatile.

The sensing element in an electromagnetic 
guidance system is the antenna. Most of the ma
terial to follow is concerned with transmitting 
antennas rather than receiving antennas. This is 
not because antennas are more important for 
transmitting than receiving but because the char
acteristics of each are the same if properly an
alyzed. It is not necessary to analyze both 
operations. This likeness comes from the recipro
city theorem which states that an antenna may be 
used interchangeably between transmitting and 
receiving as long as it is employed under similar 
conditions. The conditions imposed are, among 
others, that the antenna must be polarized the 
same, have the same length, and operate on the 
same frequency.

Polarization of an antenna has to do with the 
direction of the electric field which it radiates. 
For example, if a half-wave antenna is placed 
with its axis horizontal, it is said to be horizontally 
polarized. Generally, a wave does not change its 
polarization over short distances. Transmitting 
and receiving antennas should be oriented alike. 
Any change that does occur is usually small at 
low frequencies, but in the case of radar which 
involves higher frequencies the change may be 
quite rapid.

Beam angle, as shown in figure 6-5, is the 
measured width in degrees of an RF energy beam 
from a directional antenna, measured at the points 
away from the antenna where the electric field is
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0.707 of its maximum value (the half-power
points).

There are many different types of radio and 
radar systems used in the missile field. These 
operate over a wide range of frequencies. A large 
variety of antenna types must be used. Only a 
few of the basic types are presented here.

Most antennas have been developed from two 
basic types, the Hertz and the Marconi. The basic 
Hertz antenna is a radiating element that is one- 
half wavelength Jong at the operating frequency, 
and it is insulated from the ground. Jt is often 
called a half-wave dipole or, simply, a dipole.

Large radiation occurs in the half-wave element 
because of its resonant characteristics and its 
ability to store large amounts of energy in induc
tion fields. Resonance causes high voltages and 
high circulating currents which produce strong 
fields around the antenna. Shown in figure 6-6 is 
the voltage and current distribution for a half-wave 
antenna. An examination of the waveforms shows 
that the current reaches a maximum a quarter 
cycle after the voltage. In application, the ends 
of the half-wave (Hertz) antenna must be in-

figure 6-6. Voltage and Current Distribution 
on Half-Wove Antenna

sulated for the high voltages and the center must 
have low resistance to eliminate high I2R losses.

The basic Marconi antenna is onc-quarter wave
length long and is either grounded at one end or 
connected to a network of wires called a counter
poise. The ground or counterpoise provides the 
equivalent of the additional one-quarter wave
length required to make the antenna resonate as 
shown in figure 6-7. Note the similarity to the

VOLTAGE

Figure 6-7. Standing W ave Amplitude of Current „ 
a n d  Voltage on Marconi Antenna

half-w&vo clement when the image antenna is 
included.

It is seldom possible to connect an antenna 
directly to a receiver. Instead, it is necessary to 
use RF lines to carry the energy from the antenna 
to the receiver. The RF lines which carry the 
excitation energy might be resonant lines, non- 
resonant lines, or a combination of both. The 
means by which the energy is taken from the 
sensing element is referred to as the sensing ele
ment plckoff. Pickoffs include any of the devices 
that arc used to transfer the energy received at 
the sensor to the following detecting and amplify
ing stages. These devices arc taken up later in 
this chapter.

R adar Sensors. Present radar systems are in
tended primarily for air or ship targets, with some 
application to land-based targets that afford -a 
good target-to-background signal. A main draw
back of this system is its Limited range. It is 
practically unaffected by weather conditions, it 
can be operated day or night, and it can be 
adjusted for minimum interference by jamming 
transmitters.
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A i higher frequencies, the primary functions of 
radar antennas are to concentrate most oE 'he 
transmitted energy in one direction and to give 
a usable directional pattern in the same direction. 
The directional features of radar antennas arc 
their most important characteristics. A directional 
antenna system makes it possible to illuminate a 
specific target arc:, and receive the reflected pulses 
from a selected direction. Directivity of both the 
transmitting and receiving antennas improves the 
overall efficiency of the system and minimizes 
enemy countermeasures.

The basic method of obtaining directivity in 
an antenna system is to space two or more simple 
half-wave elements so that the fields from the 
elements add in some directions and cancel in 
others. A set of antenna elements is called an 
antenna array. Among the common types of arrays 
arc the broadside, end-fire, col linear, and the 
parasitic or Yagi array.

Another simple method of obtaining directivity 
of an antenna system is the use of parabolic re
flectors, In this type of antenna system, the driven 
element is placed at the focal point of a parabolic 
reflector.

The antenna is then working into a constant- 
phase reflecting surface. The pattern of field in
tensity is altered by changing the focal length of 
the paraboloid, distorting the reflector, or varying 
the field intensity. Four types of parabolic reflec
tors arc shown in figure 6-8.

Another means of concentrating power is by 
wave reinforcement. This concentrating of power 
is accomplished by one or more rows of dipole 
radiators, spaced some distance apart, radiating 
at a fixed phase with respect to each other. Dipoles 
may be arranged along the length of a supporting 
rod, as shown in figure 6-9, and excited to yield 
a narrow endfirc, or the dipole arrangement may 
give a nondireetional pattern in the horizontal 
plane and have a narrow pattern in the vertical 
plane.

When slots of the proper size and shape are cut 
into a waveguide, they act as radiators in the same 
way as a dipole antenna. The slot arrangements 
are generally found in higher-frequency radar sys
tems. Collinear slot arrays are used in place of 
dipole radiators to obtain a smoother aerodynamic 
surface, as illustrated in figure 6-10,

Figure 6-8. Parabolic Reflectors

Energy is also beamed by the use of horn-type 
radiators (see figure 6-11), all points of the wave- 
front being in phase at the mouth of the horn. 
The horn is generally used in place of the dipole 
and reflector arranger ent. In general, homs are 
best adapted for use with waveguide-type feeds, 
while dipoles arc used with transmission line feeds.

As higher speeds were attained in missiles, new 
antenna units were developed to eliminate drag. 
For this reason, slotted, waveguide termination, 
and recessed antennas are used.

Mention already has been made of the slot 
type. Energy can also be radiated from the wave
guide itself if it is properly terminated. The beam 
angle and radiation pattern are governed mainly 
by the angle at which the waveguide is terminated. 
These waveguide termination types of antennas, 
pictured in figure 6-12, are generally called zero 
termination.

Figure 6-9. Collinear Array of Dipole Radiators
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s l o t s  i n  w a v e g u i d e  f il l e d  
w it h  p l a s t ic  m a t e r ia l

VERTICAL STABILIZER 
O F  A  M ISSILE

F Igor a 5-10, Colllnear Slot Arrays Permit Smoother Aerodynamic Surfaces

Figure 5-1 ?. Horn-Type Radiators

If a radiating stub is made to lie within a sur
face rather than protrude, it can radiate a pattern 
much the same as a protruding type. Such a re
cessed antenna is illustrated in figure 6-13. Since 
they offer little air resistance, recessed antennas 
are invaluable for missiles designed to travel at 
high Mach numbers.

The antennas just discussed ire only samples 
•if the numerous types that could be used as the 
.lectromagnetic sensing dements of missiles.

For the purpose of guidance, there are three 
general types of radar systems that are used.

W A V EG U ID E

T ER M IN A T IO N  O f  5KJN 
SU RFACE OP M ISSILE

Figure 6-12. Zero Termination Antenna

These are as follows:
•  Pulsed.
• Continuous wave (CW),
• Frequency modulated (FM ).
Important factors to be considered when choos

ing equipment are the relationships between wave
lengths of transmission, size of antenna, maximum 
range, and angular discrimination of each. Gen
erally, FM radars operate on longer wavelengths 
than pulsed and CW radars. FM radars require 
large antenna arrays to obtain the narrow beam 
needed to give good angular discrimination.

Angular discrimination and maximum range 
increase as frequency increases; antenna size de
creases with wavelength if angular discrimination, 
maximum range, and other factors remain con-
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slant. The higher-frequency systems are usually 
not desirable because technical difficulties and 
echoes from clouds, cold fronts, and rainstorms 
increase with frequency.

Pulsed systems provide convenient means of 
target selection in that they can be gated so that 
the echo from only one target will be used to 
guide the missile. A pulsed system also decreases 
the possibilities of jamming due to the gating 
principle.

In RF systems in which one antenna is used to 
transmit and receive, the switchover may be made 
mechanically. Such a method is not used in radar 
systems in which switching is accomplished auto
matically. A transmit-receive (TR) switching de
vice functions automatically. The device may be 
in the form of resonant lines, T-joints, or spark 
gaps. These devices permit transmission and re
ception of a signal by a single antenna system 
without subjecting the receiver to damage by the 
high power being transmitted. It is also necessary 
to “cut of!” transmission at the proper time in 
order to receive the reflected signal.

Illustrated in figure 6-14 is a typical spark-gap 
TR box. Upon transmission, a spark is created. 
The spark causes an open circuit to be reflected 
at the waveguide leading to the receiver. None 
of the high-power energy is allowed to enter the 
receiver. After transmission, the spark gap is ex
tinguished. The physical dimensions of the wave
guide then reflect a short circuit in that portion 
of the waveguide leading to the transmitter. This

reflection causes the incoming signal to be diverted 
into the receiver section.

Infrared Sensors

To successfully use a guidance system that 
operates on the principle of receiving intelligence 
by interpreting infrared radiations (heat) from 
the target, wc must first study the intensity and 
wavelengths of these radiations. Once this has 
been done, a simple detecting device may be 
designed that requires no transmitter, relying only 
on the radiations emanating from the target for 
detection.

Most of the infrared seekers arc comparatively 
slow in reaction time and quite limited in distance 
of operation. Fog and rain limit their effective 
operation, and decoy fires or flares may cause 
false seeking. Considering the altitudes that some 
missiles attain, the heatseeking device may not be 
sensitive enough to discriminate between target 
and background when the predump point is 
reached.

Infrared radiation in the electro magnetic spec
trum is the band of frequencies immediately below 
visible light. Any object that is at a temperature 
different from its surroundings radiates heat in 
various quantities and at characteristic frequencies. 
Heat energy has wavelengths from approximately 
300 to 0.7 micron (1 micron =  l O^cm) or fre
quencies between about 1 million megaHertz and 
400 million megaHertz

? July 1972
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Figure 6-14. Spark-Gap-Typo of Transmii-Rocoiya Switching Device
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Radiations of Infrared energy can be detected 
with a variety of sensing elements, but the most 
common are the thermocouple and the bolometer, 

A thermocouple is a joined pair of conductors 
of dissimilar metals as shown in figure 6-15, Any

HEAT

t h e r m o c o u p l e

Figure &■ 15. Thermocouple

change of temperature at the junction causes a 
measurable voltage difference to exist between 
the two.

Although the voltage difference at the junction 
of a thermocouple is quite small, the sensitivity 
can be increased to a point where it becomes a 
useful detector. This increase is accomplished by 
using a number of such devices in series with an 
appropriate circuit. When several thermocouples 
are joined in series, they are referred to as a 
thermopile. A thermopile detector may be mounted 
at the focal point of a parabolic, reflector to in
crease the sensitivity and to provide a means of 
determining the direction of .the radiation.

\  bolometer is another type of sensing element, 
t is □ heat-sensing element which depends on the 

change of electrical resistance of a material for 
its action. The first bolometer was made in 1880. 
It was made of two thin strips of platinum, which 
formed the two arms of a Wheatstone bridge. 
The strips were blackened on one side. As heat 
was applied to the strips, the absorption of energy 
by one of the strips caused an increase in its 
electrical resistance. This change of resistance 
caused a change of current flow when an external 
voltage was applied to the circuit.

The bolometer, shown in figure 6-16, has pro
ven to be a very efficient sensing unit for infrared 
homing systems. (This instrument has been used 
to measure the temperatures of stars.) It usually 
consists of very thin strips of black-coated (oxi
dized) nickel mounted in an evacuated cell or 
chamber into which has been injected a small

amount of hydrogen gas under low pressure. The 
hydrogen gas tends to increase the heat-absorbing 
property of the bolometer and causes it to respond 
more rapidly to slight variations in the amount of 
infrared radiation focused upon it. Bolometers 
possess the advantages of small size, rugged con
struction, and relatively large current-carrying 
capacity, in addition to a high degree of sensitivity.

Heat radiations cover a wide band of the elec
tromagnetic spectrum. The sensing device must 
be especially responsive to the radiations that it 
is likely to receive throughout a wide range of 
atmospheric conditions such as variations in hu
midity and dust concentration. Research has 
proved that infrared radiation of from 8 to 14 
microns in wavelength (8 to 14 millionths of a 
meter) comprise a large percentage of the total 
heat radiation of a body. This radiation is ob
structed by moisture particles to a lesser degree 
than radiations of other wavelengths. The bolo
meter is designed to be most sensitive to radiation 
within the 8- to 14-micron band.

Light-Sensitive Sensors

Many types of light-sensitive tubes, such as 
those used in star trackers and as sensors in light
seeking homing systems, are available. These cells 
or Lubes ail operate on the same basic principles. 
Figure 6-17A is an example of a phototube. When 
light rays strike the photocathode, they cause 
electrons to be emitted from its surface. These 
electrons are attracted to a postively charged an
ode, in the center of the photocell, producing a
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F/gura 6-17, Photolube and Photomultiplier Tub*

current flow in the cathode-to-anode circuit. The 
amount of current produced varies in proportion 
to the amount ol light striking the photocathode. 
The composition of the coating on the photo  
cathode determines its sensitivity to a particular 
color or frequency of light. (PhotoceUs with dif
ferent cathode coatings are used in the field of 
spectrum analysis. A single cell supplemented by 
a set of color filters can also be used for this pur
pose.) If the characteristics of the light emitted 
by a target are known, a sensing element may 
be selected which is most sensitive to the light 
with the known characteristics. By using Alters to 
exclude light with unwanted characteristics, the 
selectivity of the system can be increased to a 
higher degree.

The photomultiplier tube, shown in figure
6-17B, is similar to the type used in star trackers. 
The photo anodes are arranged so the electrons 
emitted by the cathode are attracted to a positively 
charged anode from which an increased number 
of electrons arc released by secondary emission. 
These electrons are attracted to the next anode, 
which is at a higher positive potential that the 
preceding anode. A greater number of electrons 
arc released. This process continues throughout 
the photomultiplier tube until the final anode is 
reached, which may be at a very high positive 
potential. In this manner, a relatively large cur
rent flow can be produced from an initially small 
amount of photoemission. The use of photomulti
plier tubes is restricted to systems in which high-

anodc voltages arc available. They are highly ef
ficient as light-sensing devices due to their sensi
tivity and amplifying characteristics.

Camera tubes, such as the iconoscope, arc ac
tually photosensitive tubes designed to provide 
more complex information from an illuminated 
object than merely the intensity or wavelength of 
the light reflected from it. Homing guidance sys
tems employing television or facsimile (map 
matching) principles may use camera tubes as 
sensing elements. Their use is generally restricted 
to relatively large missiles.

One system of missile guidance is the celestial 
navigation system. In this system, star-tracking 
telescopes (one shown in figure 6-18) are used 
to sense the positions of celestial bodies. By deter
mining the positions of these bodies, spatial co
ordinates can be established. The coordinates are 
used as a guidance reference network. A set oF 
telescopes which have a constant fix on at least 
two reference points is used, forming an automatic 
navigation system.

The celestial system of guidance is considered 
a light-sensing device, the light source in this case 
being a reference rather than a target. Star-tracking 
telescopes are usually .used as a corrective ref
erence for an inertial guidance system in long 
range missiles. The term used for this system is 
“s tellar-supervised. ”

Filters used in conjunction with the sensing 
units previously described are either light or

TELESCOPE
SENSOR

GIMBAIED
MOUNTING

TRACKING
TABIC

figure 6-18. Sfor-Trocking T•Jweop*
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electrical fillers, depending upon the type of 
sensing element with which they are used.

Very few materials absorb all wavelengths or 
colors of light uniformly. When the desired wave
lengths or colors of light are determined, a filter 
can be placed between the source of light and the 
sensor to absorb the undesirable wavelengths. (The 
principles of light filtering are used in photography 
to produce desired contrasts between light and 
shadow or between various colors.) Filters are 
generally made of colored glass, but they may be 
of other translucent materials possessing the de
sired qualities. For use with an infrared sensor, 
a filter may be selected which would absorb the 
violet, blue, and yellow light. This would permit 
the infrared light to pass through to the sensing 
element. Usually, no single filter screen will pro
duce the desired result; so two or more filters 
may be necessary to remove all or most of the un
desired wavelengths. Filters should be selected 
that will not reduce the intensity of the desired 
form of light below the sensitivity range of the 
sensing unit.

Acoustic Sensor*

The Navy has used the principles of sound 
detection for many years to determine the pres
ence and position of submarines or other ships. 
This equipment, known as sonar, uses tracking 
circuits similar to radar with the exception that

the input frequency is ultrasonic (sound waves) 
rather than high RF frequency. Missiles that fly 
at velocities greater than the speed of sound 
cannot use such a system as no reliable acoustic 
signals would be available.

The most common acoustic sensors are micro
phones that will pick up and amplify sound waves. 
When used as a sound-seeking homing system, the 
microphone serves as the sensing device. Al
though microphones vary greatly in design and 
configuration, they all employ the same basic 
principles of operation.

One type operates by varying electric current. 
The variation is made by changing the resistance 
between loosely joined electrical conductors, 
such as grains of carbon. Another type operates 
by varying the reluctance of a magnetic circuit. 
The microphone used in a sound tracker should 
be very sensitive. This calls for a large diaphragm 
or surface to intercept the sound waves. The dia
phragm should possess a high degree of resiliency 
or freedom of movement so that sound waves of 
low intensity will produce relatively large move
ments of the diaphragm. The diaphragm itself 
may be an integral part of the electrical circuit 
or it may be mechanically linked to the electrical 
circuits involved.

The capacitor microphone is shown in figure
6-I9A. Here the diaphragm acts as one electrode 
of a capacitor. When sound waves strike the outer

Figure 6-19. Capacitor and Carbon Microphones
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surface of the movable electrode, they tend to 
push it inward toward the stationary electrode, 
thus reducing the space between the two. This 
increases capacitance, causing current to (low 
ami developing a voltage drop across the resistor 
R. Voltage variations across R will result from 
the variations in capacitance produced by move
ments of the diaphragm.

The carbon-grain microphone is shown in figure
6-I9B. It is one of the earliest types developed 
and is similar to those used in telephone circuits. 
It consists of a thin diaphragm of spring steel, 
mechanically linked to a piston that moves within 
an insulated cylinder containing loosely packed 
granules of carbon. The piston serves as one elec
trode, and the backplatc of the cylinder serves 
as the other. Vibration of the diaphragm moves 
the piston so that it exerts greater or less pressure 
upon the carbon granules, producing variations in 
their resistance.

When the electrodes are connected in a circuit, 
the variations in the resistance of the carbon 
granules cause variations in the current flowing 
through the limiting resistor and the primary of 
the transformer. The current induces variations 
of voltages across the secondary of the trans
former. These secondary voltages vary propor
tionally with the movements of the diaphragm and 
represent similar variations in the amplitude and 
frequency of the sounds received. The design of 
die microphone cavity or housing determines the 
directional properties of the microphone. This 
device should be shock-mounted to prevent pick
up of undesirable vibrations.

A single microphone may be mechanically 
pointed like a rotating antenna to pick up sounds 
from the direction desired or to locate the direc
tion of the source of a sound. Several stationary 
microphones, each pointed in a different direction, 
may be used with a switching system or com
mutator so that the output of each microphone 
may be sampled successively and the direction 
of the sound source determined from the output 
of greatest amplitude.

To increase the selectivity of a sound-sensitive 
homing system, a conventional bandpass filter can 
be used. Such a filter is designed to eliminate or 
cut o(T signals of frequencies above and below 
the frequency band of the desired signal. For 
example, suppose a sound-seeking homing system
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is used to guide a missile to a target which emits 
a characteristic sound. The sensing element might 
be receiving sounds of many frequencies of even 
greater intensity than the sounds emitted by the 
target. The characteristic sound probably lies 
within a narrow bund of frequencies, The system 
must respond only to the particular frequency 
within that band.

An electrical filter, to possess the desired 
bandpass characteristics, must include at least 
two circuits. One branch should offer very high 
impedance to signals of higher frequencies than 
the highest frequency present in the desired signal. 
The other branch should offer very high imped
ance to signals of frequencies lower than the 
lowest frequency present in the desired signal. 
Circuitry and formulas for filter design may be 
found in most electrical engineering handbooks.

Magnetic Seniors

Magnetic systems have been used with some 
success. Variations in the earth's magnetic field, 
effects of magnetic.disturbances, and difficulties 
in dip and magnetic components add to the prob
lems of developing a dependable and accurate 
magnetic system. The use of such a system lends 
itself well to long-range missiles and is relatively 
free from jamming. Magnetic devices are used 
sometimes as auxiliary equipment to various other
svstems.*

Magnetic systems employ flux-gate sensing 
units that sense variations of the earth's magnetic 
field due to deposits of iron in certain localities. 
Variations in the earth’s magnetic field are sensed 
as flux density changes in the flux gate and arc 
transferred into an AC signal that positions the 
missile to a predetermined course. The use of the 
magnetic system is limited to regions away from 
the poles. The limitation exists because the polar 
regions have frequent magnetic storms that would 
disrupt the system. The magnetic field about the 
polar regions is not well enough defined for ac
curate guidance. •

A common sensor used in the magnetic guid
ance system is the magnetometer. Generally, three 
such devices arc positioned mutually perpendicu
lar to each other to sense the missile’s position 
along a fixed magnetic line.
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A principal advantage of such a system is that 
it is capable of sensing objects under water or 
ground. ■.

Inertia Sensors

Gyros and accelerometers are the basic compo
nents of any inertial guidance system. These de
vices have been highly developed for many other 
applications and their characteristics are well 
used as sensors in missiles. Gyros are usually 
associated with the control system, In a guidance 
system, they are used primarily to establish a 
stable platform for the accelerometers.

To detect the degree and direction of trajectory 
change, accelerometers are used. An accelerometer 
is an inertia device. A simple illustration of the 
principle involved in accelerometer operation is the 
human body in an automobile. If the automobile 
is subjected to sudden acceleration, the body is 
forced back in the seat. If the auto is stopped 
suddenly, the body is throwti forward. When the 
auto goes into turns, inertia force on the body is 
away from the turn.

The basic principle of operation of an accel
erometer consists of the measurement of the in
ertia reaction force of a mass to an acceleration. 
Many different methods can be used to measure 
this force. The choice of method mainly depends 
on the frequencies present, whether or not accel
eration is changing, and the type of output desired.

There are two principal types of accelerometers. 
In the first type, the inertial force of the mass 
causes a displacement of the mass in an elastic 
mounting system. The displacement is then mea
sured by any one of several methods. The second 
type of accelerometer operates on a fundamentally

different principle. The force that counteracts ihe 
inertial reaction force of the mass is not supplied 
by an elastic mount but is supplied by an electric 
current, a stream of air, or any other system which 
can produce a controllable force. In this system, 
a small deflection of the mass is detected, and a 
force is instantly applied to the mass to prevent 
any further motion. Acceleration is indicated by 
the magnitude of the force applied to the mass by 
the electric current or whatever other means is 
used to produce the balancing force.

Whenever a mass which is supported by an 
elastic mounting system is displaced due to some 
force, the mass tends to oscillate about its rest 
point. This oscillation is known as simple har
monic motion. The number of oscillations during 
a period of time are limited by damping action of 
the system. Damping limits the amplitude of each 
oscillation. The number of oscillations is limited. 
The damping action may be increased by the use 
of a device especially for this purpose, called a 
damper.

In figure 6-20, if the spring-suspended mass, 
were displaced and then released, it would tend to 
oscillate in simple harmonic motion. If there 
were no retarding action by the spring, it would 
oscillate as illustrated in the “undamped” con
dition. A spring does offer resistance to the oscil
lation; consequently, the oscillations will diminish 
as represented in the “damped” condition.

To have an efficient accelerometer, the amount 
of damping applied to the system must be just 
great enough to give a nonrestricted displacement 
and yet prevent any oscillations from existing.

Consider the accelerometer in figure 6-21. If 
the missile suddenly accelerates in the direction

REST P O S IT IO N  U N D A M P ED

Figvr* 6-20. Effect of Damping on 5prlnQ-Svspondad Man
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missus

Figure 6-21. Accelerometer Function 
in Inertia-Sensor Unit

of X, the mass m is displaced (relative to the 
missile) some distance in terms of y. The rela
tive acceleration of the mass during this time in
dicates a force present because F =  ma; where 
F is force, m is mass, and a is acceleration.

There is a certain displacement of the spring 
per unit of force applied. The spring at the end 
of this period of time tends to reverse the direc
tion of force on the mass. This would lead to 
simple harmonic motion if allowed to continue. 
The damper produces an action that limits this 
oscillation. The damper must attain a certain 
velocity at the end of this time so that its retard
ing action will counteract the force set up by the 
spring as a result of the displacement of the mass. 
The damper will again present such a counteract
ing force when the mass has reached its maximum 
displacement in the opposite direction. Displace
ment in the opposite direction is due to the force 
exerted by the spring.

There are three results that may come about 
in an accelerometer;

1. The system may be overdamped (it will 
not oscillate). This condition occurs when the 
damping action is greater than the tendency of 
the spring to sustain oscillation.

2. The system may be critically damped 
(limiting condition of oscillation). This condition 
occurs when the above-mentioned forces arc 
equal.

3. The system may be underdamped (will 
oscillate with decreasing amplitude). This condi
tion occurs when the damping action is less than 
the tendency of the spring to sustain oscillation.

Under certain conditions, the displacement of 
the mass relative to the missile can be used to 
measure one of three things'

1. Displacement proportional to acceleration.
2. Displacement due to the velocity, as in

dicated by the damping action.
3. Displacement proportional to distance 

moved by the missile.
To measure the acceleration for missile use, 

the’ accelerometer should operate in the under- 
damped region, bordering the critically damped 
condition. This gives a system that is sensitive, 
and at the same time the system lends to prevent 
any transient oscillations. The accuracy of the 
system depends oii the method used to measure 
the displacement of the mass relative to the missile 
and on the linearity of the clastic mounting. The 
sensitivity of the system may be increased by re
ducing the frictional forces in the mounting and 
by improvement of the indicators used.

As previously presented in the chapter on 
physical principles, the average acceleration re
quired to displace an object a distance s in t 
seconds, assuming zero initial velocity, was given 
as s =  Vt. at2; where s is the distance in feet, 
a is the acceleration in feet per second, and t is 
the time in seconds.

The accelerometer sensitivity required for ac
curacy in a given system may be found by the 
use of this equation. For example, if a missile has 
a velocity of 1500 mph, the required time to 
travel 400 miles is roughly 960 seconds, and the 
average acceleration error that will cause an error 
of 3000 feet in this time can be found by substitut
ing the time and distance into the formula. This 
substitution would give the acceleration error as 
0.0065 ft/scc/scc. The measured acceleration, in 
error by 0.0065 ft/sec/scc, all other errors being 
zero, would cause a system error of 3000 feet 
in 400 miles.

From this example, the acceleration error ap
pears to be quite lbw. If the maximum accelera
tion experienced by this missile was 1 g (32.2 
ft/scc/scc), the error is only about l part in 
5000, and if the maximum acceleration was 10 g, 
the error is only 1 part in 50,000. However, the 
error in distance is determined not only by the 
error in acceleration but also by the square of the 
time. If the range is increased (and, therefore, 
the time of flight), even this small error in accele
ration becomes too much for the extreme accuracy 
required by present-day missiles. For ballistic 
missiles with intercontinental range, even greater
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Figure 6-22. Accelerometer with Inertia Reaction 
Force of Mass Supplied by Electric Current

accuracy and sensitivity are required of the ac
celerometers.

Shown in figure 6-22 is ihe second type of ac
celerometer in which the force that counteracts 
the inertial reaction force of a mass is not supplied 
by an elastic mount but by an electrical current.

Let e be the voltage that is developed due to 
the displacement of the mass relative to the mis
sile and i the output of the amplifier (the restor
ing current fed to the coil).

if e depends on the displacement of the accel
erometer mass (m ), then the output of the ampli
fier (i) depends on the displacement (y). If the 
missile accelerates, there is a certain voltage ap
plied to the amplifier input. After necessary am
plification, there is a proportional current applied 
to the coil so as to counteract a certain amount of 
the displacement. As the mass (after initial ac
celeration) tends to move in the opposite direc
tion, another restoring current is generated.

The acceleration could be measured by the dis
placement, by the input to the amplifier, or by 
the restoring force of the current fed to the coil.

The displacement allowed to the mass is small, 
which means that errors arising from the nonlin
earity of the electric field are mostly eliminated. 
The sensitivity of such a system can be increased 
with little effect on the range of operation.

There are many ways of obtaining a signal.

Obtaining a signal is a function of the displace
ment of the moss in the first type of accelerometer.

Another method has been developed by the 
M assachusetts Institute of Technology. This 
method uses a change of inductance between two 
coils as their separation is varied. The coils form 
part of an inductance bridge. As the inductance 
changes, the bridge is unbalanced and an AC 
voltage output results.

Another accelerometer uses wire strain gages 
as the suspension elements for the mass. The 
strain gages form the arms of a bridge. A change 
of acceleration causes a change of the electrical 
resistance of the circuit, giving an AC output 
that is an indication of the acceleration.

An interesting example of the second type of 
accelerometer is the vibrating accelerometer, 
which was developed at Fort Bliss. Jn this ac
celerometer, the mass and coil vibrate, causing 
periodic currents to flow through a coil. An ac
celeration causes the average momentum of the 
system to change. The average current output of 
the system is proportional to the average accelera-, 
tion.

Still another principal type of accelerometer is 
the manometer. In this type, accelerations are con
trolled by the electrolyte flowing toward one or 
the other ends of the manometer. This action 
provides current control between pairs of elec
trodes. The venturi, shown in figure 6-23, damps 
the response of the manometer by controlling the 
electrolyte movement. This damping prevents o s -

e l e c t r o l y t e

ACCELERAT IO N

Figure 6-23. Manometer Accelerometer
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dilation- of the electrolyte, which prevents oscilla
tion of currents fed to the control system.

Another accelerometer in use is of the vibrating- 
reed type. In this type, a change of frequency 
indicates the acceleration along the axis of the 
reed. The reeds arc used facing in opposite di
rections so that the difference in frequency be
tween the reeds is proportional to acceleration in 
either direction. Tuning forks have been used 
instead of simple reeds to eliminate dead spots 
when the reeds are vibrating at the same fre
quency. The two tines of a tuning fork always 
vibrate 180® out of phase, and the energy of 
vibration would be theoretically canceled out at 
its base.

The gyroscopic principle has been used to build 
a very accurate integrating accelerometer. An1 in
tergrating accelerometer sums up accelerations 
and has an output representing velocity.

fn the gyro integrating accelerometer, shown 
in figure 6-24, an unbalanced weight is mounted 
on the gyro output axis (accelerometer input 
axis). When the accelerometer is subjected to an 
acceleration along its output axis, a torque is set 
up that causes the gyro to process. The precession 
is detected by the pickoff and a signal is produced. 
This signal is amplified and applied to a servo
motor which drives the gyro 'case at an angular

rate just fast enough to produce a second torque 
that balances out the torque produced by the ac
celeration.

Since the angular rate of gyro precession about 
the accelerometer output axis is proportional to 
the linear acceleration along the same axis, the 
total angle through which the gyro rotates about 
this axis is the integral of the rate of turning over 
the time interval. The output of the synchro trans
mitter is proportional to the linear velocity.

There are many other ways of measuring the 
acceleration of a missile. The methods just dis
cussed are just samples of the many ways used 
to accomplish this function.

Remember that when a guidance system is 
chosen for a missile, various advantages and dis
advantages of each system must be considered 
before making a selection. A combination of two 
or more of the systems may be used to attain 
guidance throughout the flight. No matter what 
systems are chosen, the sensor element is the eye 
to an otherwise blind flight.

SIGNAL PICKOFFS FOR SEN5INO ELEMENTS

To transfer an incoming signal from the sensor 
unit to later stages of amplifying and computing, 
a sensing element pickoff is used. The senslng-

ACCELEROMETER 
INPUT AXIS 

(SENSITIVE AXIS)

SERVO MOTOR

ACCELEROMETER 
OUTPUT AXIS 

(PRECESSION AXIS)

f  MEASURING 
DIRECTION

SYNCHRO
TRANSMITTER

Un b a l a n c e d
WEIGHT

PICKOFF

DAMPING

Figure 6-24. Gyro Integrating Accelerometer
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element pickoff is any unit or combination of 
units that takes a received signal and transfers 
it in a usable form to the following stages.

Transformer Pickoff

To transfer regular RF, the usual sensing-ele
ment pickoff is the transformer. The primary of 
the transformer is connected to the sensing ele
ment* and the load is connected to the secondary. 
An input transformer refers to a transformer that 
couples a low-impedance source of energy to the 
grid of a tube. The input transformer generally 
has a high step-up ratio so the magnitude of the 
incoming signal will be such that it may be ampli
fied in later stages.

In the RF system of guidance, an antenna is 
considered as the sensor, and the unit that relays 
the signals to later stages is the sensing-element 
picket!.

In considering figure 6-25, note the line which 
indicates the detector as a portion of the sensing- 
element pickoff. It is often difficult in an electron
ics system to define clearly the limits of a 
particular unit. Visualizing the detector as the 
pickoff unit rather than the input transformer may 
be easier. Or perhaps both the input transformer 
and the detector should be considered as the sens
ing-element pickoff. The important point to re
member is that the sensing-element pickoff takes 
a received signal from the sensor and transfers it 
in a usable form to the following circuitry of the 
svstem.

Figura 6-25. Sensing Elamani Pickoff for RF

Pickoff* for Radar Systems

In a radar system, the energy that is received by 
a waveguide after leaving the antenna is trans
ported along the waveguide to a point where it 
must be transferred once more to a usable form by 
the receiver. This energy may be fed directly into 
a resonant cavity where oscillations are initiated to 
excite amplifying stages. The energy also may be 
detected by crystals or tuned stages.

If the energy is to be collected from the wave
guide, a pickup probe is often used. Figure 6-26 
shows a cutaway sketch of a waveguide section 
and pickup probe. A probe will receive a maxi
mum of energy if it is inserted into the waveguide 
at a certain point and position.

Figura 6-26, Waveguide Sacf/on and Pickup Probe

The energy returned from the target is available 
for the receiver. The receiver accomplishes the 
heterodyning, detecting, amplifying, and comput
ing necessary to cause the target selector to operate 
at the proper time to provide a signal to the con
trols unit.

The amount of energy available to the receiver 
is proportional to the effectiveness of the antenna 
sensing unit.

Clear definite limits are difficult to determine 
when referring to the sensing-element pickoff. In 
the illustrated case, the waveguide, the pickup 
probe, and possibly a tuned circuit may be com
bined as a unit and referred to as the sensing- 
element pickoff.
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Pickoffi far Infrared 5»nsing Elements

The infrared sensing elements have □ number of 
different types of pickoffs as is true in the case of 
RF and radar systems. Common use is made of a 
bridge cjrcuit as part of the sensing-clement pick- 
oil. The bridge circuit is useful in the heat-detect
ing systems because sensors for these systems gen
erally operate on the principle of resistance 
changes.

Figure 6-27 shows a typical bridge circuiL used 
with a bolometer sensor. The changing tempera
tures applied to the bolometer arc accompanied by 
a fluctuating resistance so that the bridge circuit 
is thrown off balance. The transformer primary 
in two arms of the bridge acts as an impedance 
match between bolometer and the high impedance 
input to the amplifier. The transformer also con
verts the signal to an approximate sinusoidal wave
form before passing it on to further amplification 
stages.

As in any of the sensing-element pickoffs, the 
infrared pickoff should be sensitive enough to relay 
quickly any received change of signal and should 
be subject to a minimum of operational difficulties.

Some types of sensing-element pickoffs were 
mentioned previously in the chapter on control sys
tem components. Some of these could be appli
cable to guidance systems as well. One such de
vice, for example, is the thermistor,

A thermistor is a variable resistance element. 
The resistance of a thermistor varies inversely as 
the temperature; that is, as the temperature in
creases, the resistance decreases. The resistance of 
the thermistor is varied by thermal changes in the

BOtOMETER SEN SO R

Figure 6*27. Typical Bridge Circuit 
u»*d with Bolometer.

environment, by AC or DC flowing through it, or 
by absorbed RF power.

Two types of thermistors arc illustrated in fig
ure 6-28. The bead thermistor used for power 
measurement has a small mass and is affected by 
the changes mentioned in the previous paragraph. 
The disc thermistor, used in compensating net
works, has a large mass, and its resistance is rela
tively unaffected by the current flowing through it. 
Its resistance depends primarily on the ambient 
temperature.

In the case of these thermistors, the bead ther
mistor could possibly be used in RF systems as a 
sensing-element pickoff unit as well as in a control 
system. The disc thermistor would find its primary 
use in control systems.

This common use of units in both the guidance 
and control systems brings to light another situa
tion that is common when dealing with missile 
systems; that is, the line of demarcation between 
the control function and the guidance function is 
often narrowly and arbitrarily drawn. The two 
functions are always dependent on each other and 
closely integrated, and the problems that arise in 
one may not be analyzed properly without due 
consideration to the other. Guidance and control 
must function as a unit to have a satisfactory mis
sile flight.
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Commutation Principles

In conjunction with many of the sensing-ele
ment pic In offs, there is a device which connects the 
information channels in the circuit to the receiver 
at periodic intervals for relatively slow cycle in
formation. In any guidance system numerous in
formation signals as to range and altitude are be
ing received, and the guidance system could not 
distinguish between the various received signals 
without first segregating them before passing them 
on to the remaining amplifying stages. Since the 
order in which the channels are sampled is known, 
a commutator can be used to separate the infor
mation so that it may be interpreted by the re
ceiver.

The commutator in. this case is the stationary 
member while the brushes are the rotating part. 
Information is fed into the current-carrying seg
ments of the commutator as shown in figure 6-29 
and then picked of! by the rotating brushes. This 
gives a means of systematically measuring and 
transmitting the measured information so that va
rious factors may be indirectly observed by a 
ground-control operator.

A synchronizing pulse usually indicates to the 
receiver the starting and stopping point of a cycle. 
Commutators are usually driven by a geared-down 
dynamotor for a smooth operating system. Gear
ing the commutator means voltage changes felt by 
the dynamotor are not felt as strongly by the com
mutator. For example, if a dynamotor is operating 
at 9000 rpm and the commutator is geared for 300 
rpm operation, the voltage changes appearing at 
the dynamotor are proportionally reduced at the 
commutator.

The pickoffs discussed in this chapter are just
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Figure 6-29. Operation of Coromufofor

representative. There are other types of pickoffs, 
and some of the ones mentioned here with respect 
to a particular guidance system may be used on 
other guidance systems. The major consideration 
in choosing a sensing-element pickolf is whether 
or not it is electrically applicable" to the system.

So far, various means of sensing an incoming 
signal and relaying that signal to other circuitry 
have been presented. These units that have been 
presented generally are not used solely for receiv
ing an energy signal. They also are used to transmit 
a signal. The basic units used for radiating energy 
would have similar devices used to give off infor
mation or guidance signals.

To give olf or receive a signal by one of the 
particular guidance systems, there must be a sys
tematic way of determining the relative position of 
the missile with respect to the target and/or the 
base control station. The way in which the sensor 
“looks” for its position is referred to as scanning.

SCANNING METHODS
•

Effective search for a target or a missile that is 
to be guided can be made only when the whole 
area of interest is scanned without gaps. There
fore, the search must be rapidly carried out in 
some methodical manner. A radar system may 
have a line-of-sight path and a maximum range far 
exceeding the range of a missile and yet be useless 
if it fails to pick up, track, and guide the missile 
early in its trajectory.

The scanning procedures discussed here are not 
limited to radar systems alone. Scanning pro
cedures may also be employed in infrared, light, 
or any other system that focuses a beam of energy.

A spiral or sawtooth scan, illustrated in figures
6-30 and 6-31, can be used to search the volume 
of space. A beam which does not fill either dimen
sion of the solid angle covers the volume of space.

A common type of scanning used in beam-rider 
systems is that of conical scanning, shown in figure
6-32. Conical scanning occurs when a beam is 
slightly olf center and rotates in a manner which 
generates an elongated football-like volume. The 
signals are strongest within the generated volume. 
The longitudinal axis of the beam passes through 
the radar antenna and the target. When a missile 
travels along the axis of the "football,” all signals 
from the rotating beam are neutralized in the dc-
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Figure 6-30. Spiral Scanning

lector carried within the missile. Should the mis
sile get off the axis of the beam, the signals on one 
side would become stronger in proportion to the 
other side. This condition activates a mechanism 
to steer the missile back on the axis.

To obtain 360“ of azimuth search, the helical- 
tvpe scan shown in figure 6-33 is used. In the heli
cal scan, the antenna tilts one-half beamwidth in 
elevation for each complete revolution in azimuth. 
Normally, the scan is not carried above 30“ in the 
vertical direction because a large portion of the 
search time would be spent in this region. The re
gion represents a small portion of the volume of 
space in which objects may be found.

To insure solid coverage, the separation between 
turns of the scanning cycle should be approxi-

• figure 6-31. Sawtooth Sconning

figure 6-32. Conical Scanning

mately half of the beamwidth. This means that 
each succeeding scanning cycle will overlap the 
previous one. In the case of the spiral scan, the 
radial motion must have a fixed relationship to the 
circular rate. The horizontal motion of the saw
tooth must be related properly to the vertical scan 
speed. The main factors to consider in a scanning 
process are as follows:

1. The minimum scan period required for a 
given solid angle of search at the maximurff range.

2. The maximum angular velocity at which 
the beam will successfully search at the maximum 
range,

3. The distance that a missile Hying away at 
a certain speed along the Jinc-of-sight of the radar 
will travel between two successive scans during 
search at maximum range.

Another means of positioning a missile with re
spect to a transmitter is by lobe switching. In this 
system, two overlapping beams are used to in
crease the angular deviation of the beam, (Note 
figure 6-34.) The lobing is accomplished by using 
two different antenna systems or by the use of one 
antenna system which is made to oscillate by me
chanical or electrical means.

ENERGY PATTERN

figure 6-33. Httlical Scanning
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Figure 6-34. lob*  Switching

Various devices are used to obtain the desired 
type of scan for the guidance system. In the radar 
system, the lobing is accomplished by shaping the 
reflector and then causing it to rotate about the 
fixed antenna. A similar pattern can be attained by 
keeping the reflector stationary and causing the 
radiator to rotate. Offset antenna patterns can be 
attained also by the lobe-switching method.

For the infrared and light-seeking devices, vi
brating mirrors are used to scan the area. As a mir
ror rotates or vibrates, it causes the focal point to 
shift about the sensing element, thus giving an in
dication of the point where the target signals are 
the greatest. Such a mirror is shown in figure 6-35.

For star-tracking systems and some of the light-. 
seeking systems, split or slotted discs are used to 
interrupt the light at a definite rate. The use of a 
split disc fixes a definite area to be scanned by the 
system and permits time for the circuit to recover 
from radiations that were scanned on the previous 
rotation. Pictured in figure 6-36 are various types 
of slotted discs used in missile systems.

Figure 6-35. Vibrating Mirror used for Scanning

Figure 6-36. Sloped Discs in Sfor-Troclcing 
and light*Seeking Systems

POLARIZATION METHODS

Polarization of antennas is important in missile 
guidance systems. As stated earlier, polarization 
has to do with the direction of fhe electric field. 
Electromagnetic waves are made up of two fields: 
the electrostatic and magnetic fields. The electro
static and magnetic lines of force travel at right 
angles to each other in a plane that is moving in a 
direction perpendicular to the lines of force. The 
arrows in figure 6-37 indicate an instantaneous 
direction of the fields of a vertically polarized 
wave. The direction of travel of the fields is into 
the page. If either of the fields were to be reversed, 
the direction of travel would be reversed. When 
both fields reverse, which occurs every half-cycle, 
the direction of travel remains the same.

The electromagnetic wave is vertically polarized 
because the electrostatic lines of force are perpen
dicular to the earth. The wave would be hori
zontally polarized if these lines of force were 
parallel to the earth. These two general types of 
polarization are referred to as linear polarization.

ELECTROSTATIC LINES

M A G N E T IC
LINES

\  ,

\
R A V l  O f  ELEC  

L INES IS 1
R O M A G N ET IC  

NTO  PAG E

EARTH

' '

Figure 6-37. instantaneous Direction o f Electrostatic 
and Magnetic Fields o f Vertically Fotariied W ave
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The electrostatic Held of any w;ne tends to 
change polarization. This change is small at the 
lower frequencies bill tends to he more pronounced 
as the frequency is increased. Since it does tend 
to change its polarization, it lakes on tolauw al 
characteristic oF either sense. Due to phasing of 
portions of the waves when the held encounters a 
target, the sense of rotation may he in both direc
tions. This is particularly the case when it encoun
ters an asymmetrical target. The phasing in this 
ease would tend to give an elongated held of elec
trostatic energy. The wave would be efliptically 
polarized.

The field becomes circularly polarized when the 
phase difference of the electrostatic fields is 90°. 
The field of electrostatic energy is circular in na
ture and may contain either directional sense.

When the polarization of a field is chancing, it 
is difficult to detect a maximum of usable signal. 
If a device is used in which reception of cither 
directional sense can be detected, the signal defini
tion may be greatly improved. The general case 
in radar systems is that the symmetrical areas of 
scan will return a signal circularly polarized, while 
an asymmetrical area will return an elliptically 
polarized signal. The picture seen on a radarscope 
is grtetiy improved if both senses of field rotation 
are detected.

Much research is being done in the field of an
tenna polarization. Development of predictable 
wavelength sections (rectangular and circular) and 
phasing devices are under continuous study.

S E C T I O N  6  

C o m p u t e r  U r tits

Computer units in missile guidance systems are 
found in various forms. A computer unit may be 
simple, such as a mixing circuit in an airborne ve
hicle, or it may be complex, as in long range iner
tial guided missiles. Computers are also used in 
ground installations where the complete flight of 
the missile is determined. The many computers 
used in the moon flights seen by television 
viewers.

An important function of the computer unit in 
many guidance systems is coditig and decoding in
formation related to the missile flight. Enemy 
countermeasures or the guidance of more than one

missile at a lime may make this function neces
sary. Discriminating circuits select pulses of par
ticular width, amplitude, frequency, phase, and/or 
time difference and reject all -'ihcrs. Noise inter 
(erenee is reduced lo a minimu m by these decoding 
circuits so as to develop reliable flight signals.

Another function of computer units is m i x i n g  

signals from sensor and reference units to produce 
error voltages. These signals arc sometimes mixed 
in a certain ratio or according to programmed in
struction. Error voltages are fed to the amplifier 
unit which increases their magnitude. Then the er
ror voltages arc introduced into the control system 
to correct any deviation from the computed flight 
path. The amplified error voltages also are passed 
thtough the followup unit to be reprocessed in the 
computer.

Components in some guidance computer units 
compare two or more voltages to produce error 
signals. These components may be in the form of 
voltage or phase comparator circuits. The autosyn 
units discussed in the preceding chapter arc used 
in guidance computer units to resolve rigual volt
ages into components for processing. In some guid
ance systems, autosyn resolver circuits convert 
earth-reference coordinates to space-reference co
ordinates.

Airborne computers may be classified in terms 
of phases of the missile flight. They may be in the 
form of distinct units or combinations of the fol
lowing computer units:

•  Prelaunch computer.
• Launch computer.
• Azimuth computer.
• Elevation computer.
•  Program computer.
• Dive-nngle computer.
• Ballistic computer.

Another method of classifying computer units is 
to consider the operating principle. Both airborne 
and ground-based units use two classes; analog 
and digital. Their major differences are presented 
briefly in this introduction. The two operating prin
ciples involved in their individual component op
eration are discussed later in the chapter.

An analog computer manipulates physical quan
tities that represent the mathematical variables of 
the particular problem under study. In the me
chanical type of analog computer, for example, 
the machine variables may be rotating shafts driven
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by gear trains. The angular displacement of the 
shafts is measured to produce the solution to the 
equation or mathematical operation. Computers 
for solving navigation and bombing problems have 
used these principles for years. Eurlv radar gun 
directors also made use of this type of operation,

Ditlerential analyzers in both mechanical and 
electronic form have been applied to solve prob
lems in the missile field. The first large-scale dif
ferential analyzer was operated.at M.l.T. in 1930. 
Phis original machine used mechanical principles. 
Current types of electronic differential analyzers 
are used in almost every phase of missile dynamics 
to obtain information without constructing actual 
prototypes of the vehicle. Although the differential 
analyzer is often called an analog computer or 
simulator, the computing elements are not usually 
direct analogs of the physical quantities in the 
problem, but are analogs of the mathematical 
equations describing the problem.

A digital computer performs the mathematical 
operations with numbers expressed in the form of 
digits. The machine essentially is composed of 
counters which register and add in discrete steps. 
Desk calculating machines are familiar forms of 
the mechanical type of digital computer. The first 
automatic sequence-controlled calculator used me
chanical counters controlled by magnetic clutches 
and relays. Commercial construction of this type 
of automatic calculator began in 1939.

Electronic digital computers had their start in 
the electronic numerical integrator and calculator. 
This machine was the first to use electronic cir
cuits as the actual computing elements. It was de
signed primarily for step-by-step numerical inte
gration of the equations of external ballistics. Al
though this computer used a scale of ten, the air
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borne digital computers used in missiles operate 
on the binary system of numbers. The binary sys
tem is presented later in this chapter.

CODING AND DECODING UNITS

Familiar examples of coding and decoding sys
tems include teletype, transoceanic telephony, tele
vision, identification of friend or foe (IFF), radio, 
and radar beacons. All of these systems use a 
synchronizing key or code at the receiving end to 
properly match the coded transmission. This 
matching is necessary to extract the intelligence.

Types of coded transmission are described in 
chapter 4. Each type of pulse modulation— ampli
tude, width, rate, position, frequency, and count 
— requires a decoding circuit that reproduces the 
original signal and keeps interference and noise at 
a minimum. The decoding circuits described here 
are examples of those now being used in the mis
sile guidance computer units.

The three systems described in the following 
paragraphs arc used for decoding proportional in
formation for lateral control of the missile and 
ON-OFF control for dump signals. Information is 
transmitted by discrete or continuous changes in 
pulse repetition rate, frequency modulation of the 
pulse repetition rate, and pulse time modulation.

In the pulse-repetition rate system (PRR) 
shown in figure 6-38, the coder determines the 
repetition rate of the transmission of radar pulses. 
For proportional control, the repetition rate varies 
from 1800 to 2000 pulses per second according to 
the DC error-voltage input. The on-off channel is 
operated by a preselected discrete pulse-repetition 
frequency (PRF) of 1500 cycles per second.

AFM 52-31
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Figure 6-3B. Decoder for PRR Syrfemj
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In a system using frequency modulation of the 
pulse-repetition rate, referred to as pulse-frequcncy 
modulation (PFM), a subcarrier frequency mod
ulates the radar repetition rate. Conventional fre
quency-modulation circuits arc used for detecting 
the command information. Frequency instability 
is a problem in this system.

In the pulse-time modulation (PTM) system, 
illustrated in figure 6-39, three pulses are trans
mitted by radar. The first two are coded for beacon 
response. The third pulse is shifted in time accord
ing to intelligence being transmitted. At the re
ceiver, the first two pulses are decoded and used 
as a reference and for beacon triggering, A radar 
is required that will supply three pulses, with the 
third pulse variable in time to provide the informa
tion for proportional control. This system is used 
in one type of a command guidance set.

The PFM and PTM systems have about the 
same reliability and simplicity and arc more criti
cal in operation than the PRR system. The PRR 
system is reliable and simple. It requires no adjust
ment in the airborne equipment and only two ad
justments in the ground equipment.

Pulse-Width Discriminator (PWD)

A discriminator circuit which passes pulses of 
greater width than a certain predetermined width 
and rejects all narrower pulses is shown in the 
block diagram of figure 6-40, Preceding circuitry 
develops input pulses of constant amplitude but 
varying widths. There are output pulses from the 
decoder only if the input pulses exceed a certain 
preset value which is adjusted by a potentiometer

INPUT  m SA W T O O T H G A S

PULS! G f N E f A T O t GATE
OUTPUT

PULSE

Figure 6-40. Pulse-Width Decoder

setting. Noise and interfering pulses of narrower 
widths are rejected and produce no output.

The stages shown in the schematic in figure 6-41 
consist of a sawtooth generator (V,) and a gas 
gate (Va). Tube Vi is normally conducting with 
□ resulting low plate voltage. Negative-going input 
pulses of sufficient amplitude to cut off Vi would 
normally allow the plate voltage to rise to B +  and 
to develop an amplified and inverted version of the 
input signals in the plate circuit. The integrating 
condenser (C2) in the plate circuit of Vj develops 
a sawtooth output. The amplitude of the sawtooth 
output increases with the increase in pulse width.

Tube Vs is biased below cutoff by .Ra negative 
voltage. The setting of this potentiometer deter
mines the amplitude of the positive-going sawtooth 
signal which allows Va to conduct. This gas tube 
ionizes when the grid signal sufficiently decreases 
the negative voltage on the grid of V«. The tube 
V2 will conduct through the output cathode resistor 
( R 7 )  until the plate voltage decreases to the point 
at which the tube deionizes. The output pulse from 
the cathode of V i is delayed with respect to the 
input pulse as shown by the waveshapes. This de
lay is caused by the lime required for the sawtooth 
signal to decrease the negative voltage on the grid 
of V* enough to allow conduction in the tube. 
Potentiometer tap R* can be adjusted for a smaller

OUTPUT

Figure 6-39. Decoder for PTM Sysi&m
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8-v B*-

J rs v̂  output with input pulse
V, CATHODE OUTPUT | | \  WIOTH SUFFICIENT TO IONIZE V,

Flgur* 6-41. Sawtooth Generator and Gas Gaia

or greater negative voltage to require a different 
pulse width to trigger V*.

PWD using Coincidence Tube. The schematic 
in figure 6-42 shows a pulse-width discriminator 
circuit using a coincidence tube. To make the cir
cuit operative, the pulse that is being selected must 
be changed into a sawtooth waveshape. These 
waveshapes are illustrated as waveshapes A and B. 
This change would be performed by a sawtooth 
generator stage before the input of this circuit.

Note that all of the tubes are biased below 
cutoff by means of a negative-bias supply voltage. 
The bias on tubes Vt and V2 can be varied by 
moving the wiper arms on potentiometers Rt and 
R-, respectively.

Assume that this circuit is to be adjusted to 
pass pulses of 1,0 ±  0.1 microsecond duration 
and reject all others. This means that 0.9 micro
second is the minimum and l.l microsecond is 
the maximum pluse width to be passed. Tube Vi 
is used to determine the minimum pulse width. 
The bias on V\ is adjusted so that it will begin 
conducting when the signal voltage (E t) on its 
control grid is equivalent to the value at 0.9

microsecond after the start of the sawtooth wave. 
(See waveshape B.)

A surge of current through the RF choke Li 
would be shunted by Ra, causing a damped os
cillation or ringing effect at the natural frequency 
of the choke plus the capacity of the circuit. The 
small resistor across the choke reduces the oscil
lation to only one complete cycle. (See waveshape 
C.) The signal on the control grid of V3 is one 
sine wave, first negative and then positive, start
ing in coincidence with the time at which the 
negative-bias voltage is overcome by the positive 
sawtooth wave. If the pulse is too narrow to 
cause the sawtooth to reach an amplitude great 
enough to overcome this bias. Vi will not be trig
gered and will thus discriminate against that par
ticular pulse.

Tube Vi is being used as the maximum pulse- 
width discriminator. Again, as in the case of V t, 
the negative bias has to be set by moving the 
wiper arm of R*, but in this case the setting will 
be a different voltage. Resistor Rt must be set 
so that V2 conducts at the sawtooth voltage (E2) 
equivalent to 1.1 microsecond. (See waveshape
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0+ 0+ a+

t> SIGNAL AT THE HATE Of 
V, AND SUPPRESSOR GRID 
OP V,

Figun 6-42. Pulso-Width Discriminator Circuit using Coinckf&nco Tub*

B.) The plate toad (R«) is very large. This causes 
V2 to be easily overdriven (saturated), and the 
signal on the plate approximates a square wave. 
(See waveshape D.) This signal is fed to the sup
pressor grid of Va, and it is large enough in am
plitude to keep the tube from conducting, even 
though the control grid might be above cutoff 
voltage. If there is a pulse that is too wide, both 
Vi and V9 will conduct, and both signals will 
show in coincidence on the grids of V9, The time 
relationship between the two signals, if they are 
present, is shown in waveshapes C and D. Tube 
V.i is also biased below cutoff by means of the 
negative-bias supply. Since the sine wave first

goes negative, the signal does not put the tube 
into conduction until the positive half-cycle is 
reached. If the pulse is too wide, the negative gate 
appears on the suppressor grid at the same time 
that the positive half-cycle of the sine wave ap
pears on the control grid. The negative gate keeps 
current from flowing in the plate circuit, while the 
positive half-cyctc takes the control grid above 
cutoff. This means that the screen grid will draw 
current and there will be no output signal from 
Vs.

When a pulse of the desired pulse width comes 
in, Vi conducts and Va will not conduct. The 
only signal to V3 is the sine wave on the control
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grid, which produces one surge of current in the 
piuto circuit during the positive half-cycle of the 
sine wave. %

If a change in the pulse shape is desired, a 
Mocking oscillator or a one-shot multivibrator 
could be used to give a square pulse.

Because of the critical operating points of the 
grids of Vt and V*, a stabilized negative bias sup
ply is required to give accurate pulse-width dis
crimination.

PWD u s i n g  D e l a y  L i n e . Another pulsewidth 
discriminator employs the use of a delay line, as 
shown in figure 6-43, As before, assume that the 
circuit is set to pass 1.0 microsecond pulses and 
no others. •

The network Ci and Ri differentiates the input 
pulse, forming a positive peak on the leading edge 
and a negative peak on the trailing edge. Note 
waveshapes A and B of the illustration. These 
two pips (the positive and negative peaks) are 
separated by a time lapse equal to the duration 
of the pluse. Tube Vt acts as a cathode follower;

the pips appear across R* and are coupled to a 
delay line and the control grid of V* by condenser 
C2.

The delay line is grounded on the other end 
so that a negative reflection of the positive pip 
appears 1.0 microsecond after the pip appears at 
the grid of V-. (The positive pip travels for 0.5 
microsecond to the shorted end of the delay line 
where it is inverted, and in 0.5 microsecond it 
travels back to the input end of the line.) If the 
reflection coincides with the negative pip from 
the trailing edge of the input pulse (see waveshape 
C), a large-amplitude negative pip results from 
their summation (waveshape D).

Tube Vi inverts this signal, and the signal is 
then coupled to the next stage by means of C* 
and R«. Resistor Rj is connected to a negative 
voltage which biases the following stage below 
cutoff.

The positive signals at the grid of Va would 
result in negative pips at the plate of Vj. These 
could not make the following stage conduct. The

A  INPUT PULSE

»  DIFFERENTIATED PULSE 
O N  CATHOOE O f  V, 
A N D G R ID  O f  V ,

C  DELAYED 5 IG N A I O N  
G R ID  O f  V,

D S U M M A T IO N  O f  S IG N A LS  
O N  G R ID  O F V,

Figure 6-43. Puhe-Wkfffr Discriminator using D*iay line
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negative pips at the grid of V2 arc added to each 
other* resulting in positive pips at the plate of V2. 
The pips are then of sufficient amplitude to make 
the'' following stage conduct.

This following stage could be part of a pulse- 
forming circuit which is heavily biased to elimi
nate reaction to all but the large signal developed 
above.

Pulse-Spacing Discriminator*

Two types of pulse-spacing discriminators are 
presentee! here. Basically, the first type consists 
of a delay line and a coincidence circuit, and the

second consists of a multivibrator, a blocking os
cillator, and coincidence tubes. The applications 
of these two circuits arc presented after the cir
cuitry has been examined.

The pulse-spacing discriminator shown in figure
6-44 makes use of a delay line and a coincidence 
circuit. The cathode, follower stage, tube V (, is 
necessary to maintain a constant impedance to the 
delay line. The leading edges of pulses to be 
passed arc spaced 3.5 microseconds apart, and 
the pulses themselves arc 0.5 microsecond wide. 
Note waveshape A in the illustration.

The signal is fed to the control grid of V2l 
the first tube in the coincidence circuit, and it

3.3

A .  INPUT S IG N A L  GRID A N D  CATH O DE 
O F  V, A N D  G R ID  OF V,

B. DELAYED S IG N A L  C H ID  O f  V>

C .  OUTPUT S IG N A L  PLATE CIRCUIT O F  
V , A N O  V,

6-30



1 July 1972 AFM 52-31

& SIGNAL O N  PLATE O f  V i 
A N D  GRID O f V» .

C  OUTPUT OF M U lT W IR A T O * 

CIRCUIT (PLATE V|)

D . OUTPUT O f M O C K IN G  O SC IU ATO B  
- (CATHODE O f V J

E OUTPUT Of V, WHEN
COlNClOf M CE TAKES PLACE
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also is fed to the delay line. The delay line is 
lapped in such a manner that the signal is delayed 
by an amount exactly equal to the spacing of the 
two pulses (waveshape B) and then fed to the 
control grid of V*, the second tube in the coinci
dence circuit.

Both of these signals change the current flowing 
through the plate load resistor R*. The first pulse 
lA ) on the grid of V* causes the plate voltage 
to drop, giving a negative pulse at the plate. The 
second pulse (B) on the grid of V> also causes 
a negative pulse at the plate but, at exactly the 
same time, the first pulse (A ') of the delay signal 
appears on the grid of V*, causing a further drop 
in plate voltage (waveshape C). When the second 
pulse (13'} of the delayed signal appears on the 
grid of V.i, it causes a negative pulse at the plate. 
This pulse is the same amplitude as the first pulse 
A on the grid of Vj.

The accuracy of this circuit is good, being ap
proximately -*r 0.05 microsecond.

This signal on the plate of the coincidence cir
cuit can be used to trigger a number of different 
circuits to indicate that pulses of that spacing 
have been received at the input. The signal could 
be used as a positive trigger by inverting it through 
an amplifier. Any circuit triggered by the signal 
would have to be biased so that only a signal 
composed of two pulses appearing simultaneously 
on the grids of Vj and V3 would have sufficient 
amplitude to trigger that circuit. Therefore a 
pulse applied to only one grid (Vs or V*) will not 
yield an output to trigger the next circuit. The 
pulses which are applied to the discriminator must 
he uniform in amplitude. This uniformity of am
plitude can be accomplished with a limiter stage.

The second type of a pulse-spacing discrimi
nator is shown in figure 6-45. Tubes Vj and Vs 
arc coincidence tubes, and tubes V* and V3 com
pose the multivibrator circuit which is designed 
to pass pulses which arc spaced 8 microseconds 
apart. The accuracy of this circuit is not as good 
as the accuracy of the other putsc-spacing dis
criminator.

The output of the multivibrator is taken off the 
plate of V3 and is a positive gate (waveshape C ). 
The width or duration of the gate can be varied 
by potentiometer R<.

The gate is differentiated by coupling capacitor 
C* and the low-impedance winding of the block

ing oscillator transformer. The differentiation of 
the (railing edge results in a negative pip which 
triggers the blocking oscillator. The signal, a 
square pulse (waveshape D) is taken off the cath
ode of V-i and coupled to the suppressor grid of 
Vn. At the same instant, the second pulse of the 
input signal is appearing on the control grid of 
V.v Tube V* conducts and a negative pip appears 
on the plate (waveshape E). This negative pip is 
the output signal, and it indicates that two pulses 
of the proper spacing have been received. Both 
the control and suppressor grids of Vs arc biased 
below cutoff. There will be no current in the 
plate circuit of VB unless there is coincidence be
tween a signal on the control grid and a signal 
on the suppressor grid.

Pulte-Recurrenc* Fr#qu«ney Discriminator

The circuit of a pulsc-rccurrcncc frequency 
discriminator functions as a decoder by accepting 
only a limited band of pulse-recurrence frequencies 
(PRF) as synchronizing signals. This band of 
PRF can be preset by a potentiometer adjust
ment. Pulses at recurrence frequencies outside 
of this limited band will not produce a synchro
nized output from the. discriminator and can be 
effectively gated out of succeeding circuitry by 
delay-line and coincidence-tube combinations.

Tubes Vi and Vj of figure 6-46 and their 
circuit components comprise a free-running 
multivibrator. Positive-going input pulses within 
the synchronizing range produce negative-going 
output pulses of the S3me recurrence frequency. 
The discriminator output is used to trigger the 
following circuit, such as a blocking oscillator.

The setting of poteniometer R5 in the plate 
circuits of V2 determines the band of PRF desired 
to synchronize the discriminator. As the tar> on 
R- is raised toward B + , decreasing the res- :ancc 
through which C* discharges, the band of PRF 
that will synchronize the circuit is raised in fre
quency. Choice of cbmponent sizes determines the 
range of the frequencies. At the higher-frequency 
bandwidth setting, the range of synchronizing fre
quencies is also increased.

The switch (Si) in the grid circuit of V2, when 
closed, decreases the bandwidth from two to three 
times. Closing the switch makes the discriminator 
more selective to variations in the pulse-rccurrcncc 
frequencies.
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Photo Comparator

A phase comparator detects deviations from a 
pre-selected value of time difference between two 
sets of input pulses. There is no output from the 
circuit when the input pulse trains arc of the de
sired time difference. The output is negative if 
the time difference between the pulses is greater 
than the selected value. The output is positive if 
the time difference is smaller than the selected 
value. The magnitude of the output voltage is 
proportional to the magnitude of deviation. The 
polarity of the output represents the direction of 
deviation.

A sawtooth voltage, input No 1 in figure 6-47, 
is developed by a pulse train of constant pulse- 
recurrence frequency. The middle of each saw
tooth, which is of zero voltage value, is consid
ered as zero time reference (to). Input No 2 con
sists of pulses 180° out of phase but of the 
same PRF as input No 1. The pulses at input No

figvr* 6-47. Pulse Tfm« Deference Relationships

2 are developed through transformers or para- 
phasc amplifiers according to the deviation and 
arc displaced a certain amount from the zero time 
reference. The combined effect of input No. 1 
and input No 2A results in zero output from the 
discriminator, representing an on-course condi
tion.

The phase comparator circuit in figure 6-48 is ✓ 
compared to a bridge circuit in the schematic of 
figure 6-49. Without the sawtooth voltage input 
at terminal No 1 of figure 6-48, the bridge cir
cuit is similar to a balanced bridge with no output.

In this case, the input No 2 pulses allow the 
four diodes to conduct equally and develop no 
voltage difference between points A and B (figure
6-49). With no voltage difference between these 
junction points, no current flows in Ri and Rs 
resistors, resulting in zero output voltage. This re
sult is duplicated when the sawtooth voltage input 
at No 1 and the pulse inputs at No 2 are of zero 
time difference as shown in the case of input No 
2A of figure 6-47.

Consider the time when the input No 2B pulses 
are applied to the input terminals while the saw
tooth input No 1 is negative. Tube Vs conducts 
more than Vt, starting current flow around the 
circuit Ra, Rs, R*, V*, the output resistor R*. and 
then back to V3 cathode through Ri. This current 
flow develops a negative voltage at the output 
terminal, junction of Vi-V«, representing an off- 
course condition.

if the No 2 input pulses are applied to the 
discriminator while No 1 input is positive, as in 
the No 2C case, current flow can be traced through
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INPUT
NO 1

Figvro 6-48, Phast Comparator

Vi, R i, Rs, V«, Rs, Rj, and R.». The output volt
age is now positive, corresponding to an off-course 
condition in the opposite direction.

Autosyns as reference units in control systems 
are described in the preceding chapter. The auto- 
syn units in guidance computers are used to shift 
the phase of one or more voltages. The autosyn

resolvers, as they arc called, often function as 
coordinate converters.

In some systems of reference, polar coordinates 
are converted to plane Cartesian coordinates, or 
plane Cartesian coordinates are converted to polar 
form.

Autosyn resolvers are essentially transformer
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arrangements with two primary or stator windings 
and two secondary or rotor windings. In figure
6-50 representing a resolver schematic with the 
rotor in the zero position, voltage applied to the 
IVPa winding induces maximum voltage of the 
same phase in the SrSa secondary winding. Volt
age applied to the Pr-P^ primary induces maxi
mum voltage of the same phase in the S-rSn sec
ondary, With a small positive rotation from zero 
position, the voltage induced in Si-Ss is in phase 
with the PrP^ excitation, and the voltage induced 
in $?-S* is 180° out of phase with the Pi-P3 ex
citation.

The output of each resolver secondary depends 
on the primary voltages and the rotor position. 
In the computing units, positive voltages repre
senting positive quantities are in phase with some 
reference voltage. Negative voltages representing 
negative quantities are 180° out of phase with 
this reference voltage.

Figure 6-51 shows the resultant field produced 
by the vector addition of the fields of the primary 
windings. These fields induce voltages into the 
secondary windings as shown in figure 6-52.

The action described in the preceding para
graphs is used in converting from one set of co
ordinates to another. A brief review of funda
mental polar and plane Cartesian coordinate prop
erties follows.

In figuring these coordinates, a reference point 
in a plane and a reference direction are chosen. 
The position of any other point in the plane can

p» s, .

pl0 ------- ---------------------- op,

Figure 6-50. Resolver Schematic with Rotor 
in Zero Posiffon

r  4  VOLTS

Figure 6-51. Resultant Field o f Primary Windings

S, S, RESULTANT

Figure 6-52. Secondary Voftages

Figure 6-53. Plane Cartesian Coordinates

be located by two numbers called coordinates. In 
Cartesian coordinates, both of the ‘V  and 
coordinate numbers represent distances. In polar 
coordinates, one coordinate corresponds to a dis
tance and the other to a direction.

In figure 6-53, point A is represented by +4, 
+  2 coordinates, and point B coordinates arc +4, 
- l  from the origin 0,

In figure 6-54, the distances of the points A 
and B from the origin is the range, which is always 
positive. As shown, when the direction angle is 
measured from a reference direction in a clockwise 
rotation, the angle is called a bearing. When mea
sured from north clockwise to a point, the angle 
is sometimes called the azimuth.

*
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R A N G E
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Figure 6-54. Polar Coordinates

Polar coordinates can be developed from a set 
of plane Cartesian coordinates by the method 
illustrated in figure 6-55. Voltages representing 
the east coordinate and the south (minus north) 
coordinate are vcclorially added to form the polar 
coordinate, labeled range. In the resolver, the 
primary voltages may be considered the plane 
Cartesian coordinates. The resultant magnetic 
fl-.ld develops voltages in the secondary windings 
that arc the Cartesian vector components for a dif
ferent set of Cartesian axes.

NORTH

Figure 6-55. Coordinate Conversion

Figure 6-56 illustrates the angles involved in 
rotating coordinate axes. First, the plane Carte
sian coordinates arc converted to polar coordi
nates as shown by the solid line, labeled range. 
The reference direction of this polar coordinate 
system is rotated through any desired angle. The 
new polar coordinates are then converted to plane 
Cartesian coordinates.

Autosyns are used in computer units as re
solvers to produce voltages proportional to tho 
sine or cosine of a measured angle. A voltage is 
applied to the stator winding which is to be re
solved into components. This voltage amplitude 
represents a particular iine-of-sight distance.

Voltage is induced in the rotor winding which 
is proportional to the angular displacement be

•: 'Us

tween stator and rotor. Assume an angle of value 
A as indicated in figure 6-57. Line a represents 
the value S sin A, and line b represents C cos A 
from the trigonometric, relationship.

An autosyn with its resistance-capacitance net
work is often referred to as a goniometer. Three 
types of goniometers are used. An uncompensated 
type without a counter is used in equipment to set 
up delays, to synchronize pulses, and to set up 
guidance pulses. Accurate time measurement of 
the pulses is not necessary, but the delays arc 
variable and can be maintained stable.

A compensated goniometer with counters cali
brated in microseconds is used in ground equip
ment to set up target information in a missile. 
There is also a motor-driven goniometer, rotated 
at a constant rate to simulate changing time dif
ferences.

All those goniometers have the same circuitry, 
which is shown in figure 6-58. Coils Li and La 
are wound physically at right angles to each other. 
Coil L3 can be rotated through 360°.

ANALOG COMPUTERS

Examples of mechanical devices that use analog 
computing principles include the slide rulo, the 
automobile speedometer, and the automobile dif
ferential gearing. In these examples, physical quan
tities are made to obey mathematical laws.

On the slide rule, logarithms of numbers arc 
represented by lengths on the scales. Multiplica
tion, division, raising to a power, or taking a root
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l

Figure 4-57. Sine and Cosin•  function*
Resolved Graphically

>t a number is relatively accurate and rapid by 
jperating on these quantities.

The automobile speedometer indicator is moved 
nto position by the generation of electrical energy 
.hat is proportional to the speed of the drive shaft. 
This operation of indicating the rate of change of 
the automobile position is one of differential cal
culus.

The automobile differential is a mechanical sub
tracting device. The amount of subtraction is de
termined by the gear ratio of the differential gears. 
Extra speed gained by one wheel is subtracted 
from the other. This principle is used to add two 
quantities in mechanical differential analyzers.

The two quantities to be added are supplied to 
the ends of an adder. The sum is obtained by 
measuring the revolutions through which the body 
of the adder turns. Quantities to be subtracted can 
be represented by rotating the shaft in the reverse 
direction. Mechanical differential analyzers have .

Figure d-58. Autosyn wilh Associated Circuitry

been used for years to solve missile trajectories and 
problems in stability design.

Electronic differential analyzers are used in al
most every phase of missile dynamic study to 
obtain information without constructing actual 
prototypes. A typical missile goes through several 
stages of development, such as airframe design, 
design of the automatic control system, selection 
and design of the guidance system, analytical 
checks of performance, and actual checks of per
formance or flight-test analysis. The analog-type 
machines are able to study the flight trajectory 
without breaking it into separate phases because 
they can handle continuous variables and, in par
ticular, they can handle integration as a continuous 
process. One component common to the electronic 
analog computers is the DC feedback amplifier. 
This unit and its associated circuitry provides the 
approach to the principles of analog computing.

First, consider how one of the simulators or 
electronic analog computers is used in the mis
sile field. This particular 4000-electron-tube 
machine simulates the characteristics of both mis
sile and target. Through its use, the need for test 
firings of new missile designs is greatly reduced. 
Each of the machine's computing sections handles 
some particular phase of a complete missile system 
problem. The major sections are composed of the 
simulator, the target simulator computer, the 
aerodynamic computer, the guidance computer, 
and the recording and display devices. More recent 
simulators and computers have become solid state 
in design, eliminating electron tubes.

The guidance computer receives information 
from the simulator and the target simulator. Its 
output is fed to the aerodynamic computer.

The aerodynamic computer also receives infor
mation from the simulator in the form of missile 
altitude, velocity, and attitude. The guidance com
puter introduces missile fin-deflection information. 
The aerodynamic computer section determines 
which aerodynamic forces and torques should be 
delivered back to the missile simulator section.

The target simulator generates the target tra
jectory in the form of target positions in earth 
coordinates. Target maneuvers can be simulated 
by changing target speed, climb, and turn values.

Plotting units are normally used for missile and 
target trajectory plotting in both horizontal and 
vertical planes. Any 18 desired variables may be
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recorded by photoelectric recorders. There are two 
display devices: a model of the missile assumes 
the altitude and fin deflection of the simulated 
riWssile, and a trajectory model moves objects 
representing the missile and the target in three 
dimensions.

The following brief description of the inputs and 
outputs to the missile simulator computer illustra
tes the complexity of the circuits involved. Inputs 
in the form of voltages represent the aerodynamic 
forces along the roll, yaw, and pitch axes of the 
missile; the aerodynamic torques about these three 
axes; the initial position of the missile with respect 
to the earth's axes; the initial linear velocities along 
the three missile axes; and the initial attitude of the 
missile axes with relation to the earth’s axes.

Outputs from the same missile simulator section 
are indications of . the axes of the missile, initial 
linear velocities along the earth's axes, missile 
linear velocities along the missile axes, angular 
velocities about the missile axes, and the missile 
altitude in terms of the direction cosines of the 
missile with respect to the earth's axes.

Basic Operation of Feedback Amplifiers

One factor common to all electronic analog 
computers is the DC feedback amplifier. This basic 
component with its input and feedback networks 
is described as it is used to perform the basic com
puter operations. One method indicating the basic 
circuit is shown in figure 6-59.

One of the most difficult design problems in DC 
amplifiers is the reduction of drift. Special com

pensating circuits are used in combination with 
well-regulated power supplies to minimize this 
source of error in the output voltage. In some 
computer installations the vacuum tubes arc aged 
to reduce the drift resulting from changes in cath
ode emission. Balancing the output voltage to zero 
for a zero value of input voltage is a regular pro
cedure in some analog circuits.

Characteristics of most DC feedback amplifiers 
include high input impedance, low output im
pedance, and very high gain tubes. ■

Multiplication of Voltage*

One of the simplest methods of multiplying a 
voltage by a constant coefficient is to use a voltage 
divider or a potentiometer. In figure 6-60. the pro
portion of input voltage e> present at the output 
terminal e0 is determined by the ratio of Rs/R |.

A DC amplifier also can be used with fixed re
sistors to multiply a variable voltage by a constant 
coefficient. In figure 6-61, the output voltage c* 
is proportional to the ratio of the resistor values 
but with the sign changed to take into account the 
phase inversion.

Multiplication of two variables is commonly 
accomplished by using a servomechanism. Some 
type of servomechanism is used to position the 
potentiometer arm so that the amount of mechani
cal rotation Is proportional to one of the input sig
nals (e2 in the schematic of figure 6-62). Input 
signal e> is conncciel across the potentiometer, The 
output voltage of e„ is proportional to the product
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Figure 6-60. Multiplication of Voltage 
by Constant Coefficient

V W V - 1

Figure 6-67. Multiplication of Variable Voltag* 
by Constant Coefficient

Figure 6-62. Servo Multiplier

of ihe two input voltages. The dotted line in the 
schematic represents a mechanical connection.

•«=K*, * •»

R, > •-------- J
<  | OUTPUT

VOLTAGE

I----I__
5CRVO

M O T O R

Figure 6-63. Servo Multiplier allows Multiplication
of Two Variables for All Combinations of Signs

The connection shown in figure 6-63 allows 
multiplication of two variables for all combinations 
of signs. Values of ea represented by the position 
of the potentiometer arm can be positive or nega
tive in sign. The computation speed is limited by 
the rate at which the motor driving the poten
tiometer arm can follow the changes in the volt
ages ea.

Linear circuits alone cannot be used to multiply 
because the product of two quantities is not a lin
ear type of expression. Multipliers must use de
vices in which gain depends on one or more of 
the applied voltages.

Electronic multipliers follow a much more rapid 
change of input signal than a servomechanism type. 
The multiplier unit is one of the basic forms of 
non-linear computing components. Linear ampli
fiers may be used to feed the variables into the 
multiplier.

The circuit shown in figure 6-64 uses two sign
changing amplifiers. The circuit is connected so 
that both negative and positive values of input 
voltage ei are introduced to make the sign of the 
product correct.

«i o—

INPUT
VOLTAGES

o—

$

Figure 6-64. Multiplication of Two Variables using Two Sign Changing Amplifiers
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Figure <5-65. Division of Constant using Higfi-Goin 
Negofive Feedback Amplifier

Division of Voltages

One method of dividing a variable voltage by a 
constant is to multiply the variable voltage by the 
reciprocal of the constant. When using this meth
od, multiplying devices serve as dividers.

Another method of dividing a variable by a con
stant uses a high-gain negative feedback amplifier.

In figure 6-65, the constant K is determined by 
the setting of the feedback potentiometer arm in 
the amplifier output circuit. The loading effect of 
R.2 must be considered when the potentiometer is 
set. The constant must not approach zero. If it did 
reach zero, the result of the operation would not 
be accurate because the amplifier output would be 
limited.

A high-gain amplifier is also used in a circuit 
which determines the quotient of two variables. An 
unknown quantity (Z) is assumed so that the 
product of Z times X, one of the variables, is made 
equal to Y, the other variable. The unknown Z 
and the variable X are fed into the multiplier cir
cuit as shown in figure 6-66.

The output of the multiplier unit and the neg
ative Y value are summed in the amplifier, The 
output of the amplifier when fed back becomes 
the quotient of Y divided by X.

figure 6-67. Division of One Variable by Another 
using High-Gain Negative Feedback Amplifier with 

Potentiometer

Another method of dividing one variable by an
other uses the high-gain negative feedback ampli
fier with a feedback potentiometer. The dividend, 
or voltage to be divided, is supplied to the ampli
fier input terminal. The divisor, or voltage divid
ing, is used to position the arm of the feedback 
potentiometer mechanically.

In figure 6-67, Y is divided by X. The amplifier 
input is -Y  and the amount of feedback is- pro
portional to X. Since the gain of a negative feed
back amplifier is inversely proportional to the 
feedback, the output is inversely proportional to 
X, giving the result of dividing Y by X.

Summation of Voltages

Summing networks arc used to add two or more 
voltages. The output voltage is proportional to the 
sum of the input voltages when the summing re
sistors arc all equal. Note figure 6-68.

The voltage division between the output resistor 
Ro and each summing resistor R|, R2, or R3 pro
duces an attenuation of each input voltage in the

Figure <5-66. Division of One Variable by Another 
using High-Gain Amplifier

•»P-
Ri

A A 'V

a , o -

♦>o-

A /V V

AAA-

WHEN R,=Rj=Rj

Figure 6-68. Summing Resist or Network
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Figure 6-69. Summing Amplifier

circuit. There also may be a loading effect on the 
input circuits because of the use of the parallel 
network.

The value of the constant of proportionality K 
is determined by the ratio of the summing resistors 
io the output resistor. Scale factors are set up in 
the computing units so that quantities can be com
bined in operations in the correct relative values. 
In general, there is a different scale factor asso
ciated with each variable in a problem.

When the summing resistors in the summing 
network are unequal so as to represent different 
scale factors, the output voltage e<> is proportional 
to the sum of et/R i, ej/Ra, and ea/Ra.

A summing amplifier also can be used to add 
several voltages.

The output (e*) of the circuit shown in figure
6-69 is inverted. The circuit can also be used to 
multiply by a constant.

If the summing resistors have the values of R i^  
l megohm, Ra=0.50 megohm, and Rj =  0.25 
megohm, the input voltage terminals correspond 
to coefficients 1, 2, and 4, respectively. The output 
voltage is then proportional to the sum of IX ei, 
2Xe*t and 4 Xea.

A summing amplifier with the coefficients de
scribed above is shown in block diagram form in 
figure 6-70,

figure 6-70. Summing Amplifier with Coefficients
1,2 , and 4

A summing amplifier may be used to multiply 
several input voltages by constant coefficients. 
This is made possible by paralleling input circuits 
as shown in figure 6-71. In this particular example, 
the output voltage is proportional to the sum of 
1 X ci, 3 X c-, and 11 X c®.

If the input voltages are positive, the output is 
negative. By means of potentiometers in the input 
circuits, this type of summing amplifier produces 
sums or differences of the input voltages with any 
combination of preset coefficient values.

Figure 6-71. Parallel-input Summing Amplifier

D I G I T A L  C O M P U T E R S

In missile guidance, a large amount of complex 
data needs to be evaluated quickly. Not only are 
computers essential to the guidance of the mis
sile, but they are also quite necessary in the re
search and development of missiles.

Some telemetered information must be instan
taneously evaluated for the range safety officer, 
while sdll other data must be evaluated so the find
ings of missile flights may be incorporated in future 
launchings.

A digital computer is assigned a certain num
bering system. It then performs a mathematical 
operation on these numbers (expressed in the form 
of digits) to yield an answer, also expressed in 
digits.

Most of the development on modern calculating 
or computing devices, as they are known today, 
was started in the late 1800s. These first machines 
were quite limited as to the operations they could 
perform and the speed at which calculations were 
made. The dial telephone was one of the first type 
of machines that could handle multiple operations 
successfully. The dial system is capable of handling 
several million telephone calls by successive relay

r,
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operations according to assigned digits of the 
phone' numbers.

Another modern development of calculating 
machines is that developed by the International 
Business Machines Corporation (IBM). A prede
cessor to the IBM machine was developed by 
Herman Hollerith in 1890. He made extensive ex
periments with punched cards that would permit 
electrical contact to be made wherever a hole ap
peared in the cards. The device that developed 
from these experiments counted or added, singly 
or in combination, as desired. This punch-card 
technique is still a major component in many mod- 
era computers.

The computer must be capable of storing infor
mation. This storing of information is commonly 
referred to as the memory unit of the computer. 
Here, numbers and instructions are retained until 
the unit is called upon to use the information to 
complete the problem. As described later, the 
memory unit may retain the information for long 
or short periods of time depending upon the type 
of device that is employed for this purpose. In ad
dition to storing information, the memory unit 
needs some means of transferring the information 
to other parts of the system. These links or chan
nels by which the information is passed from one 
unit to another may be called the data transmission 
system.

The next unit in the system is the logical unit, 
which receives the transmitted material and per
forms the arithmetical operations on the problem. 
The logical unit adds, r attracts, multiplies, and 
divides. It takes square root, attaches the proper 
sign, and gives the proper comparison of quanti
ties.

A control system is the next item that must be 
included in the computer. The control system tells 
the machine when to perform a  certain operation. 
It also governs the type of operation that is to be

performed. It governs whether the operation is to 
be addition, multi plication, or any other arithmet
ical calculation.

There must be some provision made for the 
reception of data and the supply of answers m ihc 
machine. These units, representative of their junc
tions, are called input and output units, respec
tively.

Although a digital computer is versatile in prob 
lem handling, there arc some "traits” it does not 
possess. It lacks intuition, which means that every 
problem must be presented to the system before 
it will operate properly. It does not possess the 
ability to make guesses or draw conclusions. It 
only gives answers according to the accuracy of 
the data presented. The computer is not capable of 
rearranging the sequence of operation* or of de
veloping any of its own instructions. It cannot 
make any changes in the programming of the ma
terial. And it cannot form any situations that are 
not pertinent to the problem as given in the prob
lem's original form.

Not having intuition, the mechanical brain can 
only deal with facts and deliver answers based on 
these facts. No extraneous matters intrude upon its 
straightline "thinking,”

Figure 6-72 shows ihe functional diagram of a 
digital computer. The components that carry out 
the various functions in the computer may not be 
physically distinct. The same components or types 
of components may be used for more than one 
function, For example, a component that performs 
arithmetical operations may also be used as a 
memory unit.

Binary Numbers

Most of the digital computers use a binary sys
tem of coding. If a question is asked of a machine, 
the smallest unit used would be one to represent 
the truth of the statement. The answer may be in

figure 6-72. Functional Diagram of Digital Computer
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the form of a yes or no (a checkmark or no check
mark) or, as in the case of electronic instruments, 
an on or off fan impulse or no impulse). In short, 
there are just two conditions that need to be con
sidered to determine whether a statement is true 
or false.

In the binary digital computers, use is made of 
this fact by employing what is known as a binary 
representation of numbers. The Lwo-fold difference 
of representing information makes it possible to 
use devices that represent only the go or no-go' 
conditions. For example, a relay in a closed posi
tion could represent a go condition, while the same 
relay in an open position would represent the no- 
go condition. The punch-card system used in com
puters lends itself well to this system. In this case, 
the presence of a hole would represent the go 
fyes) position and the absence of a hole would 
■ idicate the no-go (no) condition. These two con
ations are indicated in the binary numbering sys- 
cm by the two digits “0” and “ l,” respectively.

Everyone is familiar with the everyday usage of 
the scale-of-ten (decimal) representation of num
bers. Assume the number 8501 and determine how 
it is made up by powers of tens. This number 
may be represented by what is called the powers 
of fen, that is with 10, 100, 1000, 10,000-—or 
multiplied by itself as many times as desired. The 
number 8501 indicates:

(8X1000) +  (5X100) +  (0X 10)) +  
(1 X 1 ) ,or

(8X  10s) -T- (5X102) +  (0X 10 ') +
(1X10°) .

in the decimal representation of a number, the 
digits 0, 1 ,2 , 3, 4, 5, 6, 7, 8, and 9 are used. In 
the binary representation of a number, only two 
digits, 0 and 1, are used in various combinations.

In the binary system, a sequence of 0s and Is 
indicates the presence of the number 1 raised to 
some power. For example, figure 6-73 shows that 
the digits 1101 indicate ( lX 2 a) -  (1X 22) +  
(0X 21) +  (1X2°), This would equal 13 in the 
decimal system.

Shown in table 6-1 are some decimal numbers 
and their equivalents in the binary system.

Examine the table for a moment. Consider the 
first four decimal numbers 0, 1, 2, and 3. To use 
the decimal system of numbering in a computing 
device, you would need to have four registers to 
record the information presented. As shown in

SCA LE  O F  T W O  

110 1

/ /  w
(1 x  2» )  +  ( r <  2 * ) ( 0  X 2 ' )  +  (1 *  2« )

8 +  4  +  0  +  1

Figure 6-73. Decimal and Binary Representations
of Numbers

table 6-1, the binary system needs only two digits, 
the 0 and 1, to represent the first four numbers. In 
this case, four conditions of information can be 
represented by the use of two digits.

You can see where an ON-OFF electronic sys
tem fits into the binary pattern very well. Say that 
you wish to indicate the decimal number 3 in a 
computing function. This caQ be accomplished in 
the binary digital computer by representing it as 
11. The binary digits (11) would be represented 
in a relay system by both of the relays being in 
the closed (go) condition.

Once again referring to the table of decimal 
and binary numbers, three digits of the binary 
system may represent eight pieces of information; 
with four digits, 16 pieces of information may be 
represented. By the time you have seven binary 
digits, 128 pieces of information may be repre
sented.

Table 6-1. Decimal and Binary Numbers

D E C IM A L B IN A R Y

0 0

1 1

2 10

3 u

4 100

5 101

6 110

7 111

B 1000

9 1001

10 1010

11 1011

1100

D EC IM A L U N A R Y

13 1101

14 1110

15 lrn
16 10000

17 10001

18 10010

1 ? 10011

20 10100

21 10101

22 10110

23 10111

24 11000

25 11001
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Boolean Algebra

Before a computer can operate properly and can 
satisfactorily employ some numbering system, such 
as the binary system, it must have the ability to;

•  Learn and remember data presented to it.
• Make a choice based on previous results.
• Make long chains of operations.
• Determine if the answer is correct.
• Determine when one problem is finished 

and when to start on another.
For the computer to be capable of accomplish

ing the foregoing items, the proper information 
must be given to it. From this point on, it will 
determine the answer by what is known as logical 
truth.

Logical truth differs from ordinary truth in that 
it deals not only with facts but also in suppositions 
based on facts. For example, the statement “sugar 
dissolves in water” is an ordinary truth. Certain 
things are understood. The amount of sugar is 
much smaller than the amount of water. I! a whole 
bag of sugar is mixed with a tenspoonful of water, 
all of the sugar would not dissolve. The computer 
cannot operate by understanding such limiting con
ditions unless these conditions are given to it so 
that it may form a logical truth pattern to work 
from.

A logical pattern may be of the following nature:
1. All people are animals.
2. All animals are mortals.
3. Therefore, all people are mortals.

Such statements as the above are called logical 
syllogisms. They are truth statements that result 
in a truth statement. It should be understood that 
all syllogisms may not be Logical. For example, ex
amine the following statements where statement 3 
is not true even through statements 1 and 2 are:

1. All animals have legs.
2. All people have legs.
3. Therefore, all animals are people.

Many logical truth patterns are used by people
in everyday life without their realizing that they 
are using them. Most of the simpler logical pat
terns are distinguished by words such as and, or, 
if, else, not, then. In mathematical terms these 
logical patterns may be indicated by plus, minus, 
times, divided by, or combinations of these terms.

If a set of statements is made, a table can be set 
up that will determine what is known as the truth

values of these statements. In setting up this table, 
some of the logical connectives, such as and, or, 
if, etc., must be used. When the table is completed 
it would list the truth or falsity of each of the 
conditions of the statements that were considered.

We can set up mathematical relations of the 
truth values of statements and perform mathemat
ical operations on these statements. This study of 
mathematical logic is called the algebra of logic. 
George Boole, an English mathematician, intro
duced this algebra of logic in the book. The Laws 
of Thought, in 1854, thus the term Boolean al
gebra.

This algebra of .logic can be used in the study 
of electrical circuits and switching. By setting up 
appropriate circuitry, the truth values of such state
ments as would imply connectives (or, and, not, 
etc.) can be determined mathematically. Each of 
these connectives can be represented by circuitry, 
and the condition of the circuitry designated by a 
number. For example, if the truth of a statement 
is shown as the digit 1 and the falsity of the state
ment as a 0, certain facts concerning the switch
ing circuit of figure 6-74 can be determined.

In this circuit if a switch is open, it would be 
shown in the table as 0 (current can not pass); 
if it is closed, it.will be shown in the table as I 
(current can pass). In the output, the 0 will indi
cate no-flow of current and the 1 will indicate flow 
of current.

By referring to the table in figure 6-74, there is 
just one condition of the switches that will allow 
current to flow to the output. This condition is 
when switches A and B are closed. Here is simu-

INPUT SW ITCH  A  SW IT C H  B OUTPUT

SW IT C H  A SW ITCH  « OUTPUT

0 1 0

0 0 0

1 0 0

1 1 1

Figure 6-74. Seriex Switching Circuit shewing Truth 
Value of Statements that use "AND"
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laied the truth value of statements that use the 
connective “and.” The digital notation is 1-1-1.

To determine the truth value of statements that 
use the connective “or,” a circuitry similar to the 
parallel switching circuit of figure 6-75 can be 
set up.

In this case, as contrasted to the conditions of 
rhe series switching circuit, the current flows in 
all conditions of the switches except ooe. The 
truth vaJue of the statement "current will flow la 
the output if switch A or B is dosed" has been 
determined.

The truth or falsity of these statements can 
be indicated in a digital manner by the use of a 
computing device that can scan the truth values 
of statements containing a variety of logical con
nectives.

The results of a digital computation in a guided 
missile may be used in any phase of the flight. For 
example, data (statements) concerning the air
speed and altitude may be entered into a comput
ing system to regulate the amount of fuel flow to 
the engine. Or perhaps the point is reached where 
the engine is to be shut off, and the missile is to 
dive into the target. The computer is called upon 
to determine the proper time for this to happen.

Now that the requirements and principles in
volved in having an electronic device that makes 
accurate computations in fractions of a second 
have been covered, the actual devices and some 
of the basic circuitry that make up a computing 
system may be examined. These circuits are pre
sented from the overall standpoint of their possi
ble uses. It is next to impossible to list all of the 
applications of any one device or to say for sure

A

I N P U T I  I

s w i t c h  A /  /  SW IT C H  a

OUTPUT

SW ITCH  A SW IT C H  a OUTPUT

0 1 1

0 0 0

1 0 1

1 1 1

Figure 6-75. Parallel Switching Circuit showing Truth 
Value of Statements that u j o  "01?"

Figure 6-76. Punched-Tape System 
for Digital Computers

that one particular device would satisfy the re
quirements of a problem better than some other 
device.

Input Unit

AH the kuown data (statements) of a problem 
are injected into the computing system via the 
input unit. This input is usually supplied to the 
system by means of punched paper tape, photo
graphic tape, magnetic tape, or wire on which 
the data and instructions have been recorded.

T a p e s . In using a punched paper tape, such as 
illustrated in figure 6-76, the original informa
tion is transferred to the tape according to a pat
tern that represents certain digits used in the com
puter. In the case of the binary digital computer, 
these digits would be 0 and 1 (indicating the var
ious powers of 2 ). The punched tape passes 
through a reading unit that permits electrical con
tact to be made whenever a hole is present under 
one of the current-carrying brushes.

The punch card or paper tape sorts, lists, se
lects, and copies information. It makes compari
sons and selections according to instructions, and 
it adds, subtracts, multiplies, and divides. To use 
a punched tape, the original information is con
verted into patterns on the tape by means of some 
typewriter-like device. The use of photographic 
tapes iu the motion picture industry is well known. 
In this case, the sound patterns are recorded on 
film, then photoelectric tubes are used to take 
this information from the film.

Another means of supplying the computer with 
information is by use of magnetic tape or wire,

INPUT

SW ITCH
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upon which alternating currents have been re
corded, In this ease, the variations of the re
corded signal bring about the operation of various 
components. The magnetic tape and wire reading 
(or pickup) units arc quite similar to those of the 
commercial varieties. Note figure 6-77.

M A G N ET IC  
R E C O R D IN G  HEAD

SPO O L

M A G N E T IC  
TAPE

INPUT S IG N A L  
LEADS

Figure 6-77. Magnetic Tape Recording

In addition to the recorded types of information 
that may be employed at the input, an operator 
can originate the instructions to the computer 
by using push buttons, switches, or some other 
means of supplying data and instructions to the 
computer.

In missile equipment, the computer may receive 
data originating from error signals. These errors 
could be fed directly to the computer so that 
rapid corrections could be made.

D e c o d i n g . As stated earlier, the process of 
decoding information is an important function 
that must be carried out by the computer. Infor
mation received at the computer must be put Into 
a form that is suitable for the operation of other 
circuits. This preparation of information may be 
accomplished by any of several types of demodula

tion that arc covered earlier in the text. A type of 
decoding that lends itself well to a digital-type 
computer is that of the pulse-dccoding relay cir
cuit pictured in figure 6-78.

The figure illustrates a method by which a 
command signal composed of narrow and wide 
pulses may be decoded in a relay circuit. When 
narrow pulses with long spacing are received, 
relay A doses. The second relay B does not close 
since the duration of the pulse is of insufficient 
time for its shunt capacitor to charge through the 
series resistor R.

When signals consisting of wide pulses with 
short spacing are received, both relays close. The 
operation of these types of relay action are cover
ed more thoroughly in the chapter dealing with 
relays.

Here, as in other digital devices, a means of 
forming a logical pattern is available. In this case, 
the connectives “if ' and “and not” are introduced. 
This can be explained by considering the time 
when the pulses are applied. If a narrow pulse 
comes in, relay A closes “and not” relay B.

In the case of the wide pulse input, a connec
tive of the form “both” is used. If a wide pulse 
is applied “both” relays close.

In addition to the guidance and reference sig
nals, signals may be fed back from other points 
of the guidance system. The computer input must 
be capable of handling a large quantity of informa
tion.

N O  PULSE 
C O M M A N D

N A R R O W  PULSE 
CLO SE  RELAY

PULSE INPUT

R
A A A r

W ID E  PULSE 
C LO SE  RELAY :■ 0

I
j n ,

N A R R O W  PULSE 
C O M M A N D  o

TO CO N TRO L 

CIRCUITS

-------o
W ID E  PULSE 
C O M M A N D

Figure 6-78. Puhe-Decod'mg Relay Circuit
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Logical Unit

As presented earlier, the simplest type of com
puter is ond in which the basic components have 
but two positions. This simple computer is easier 
to adapt to a binary numbering system rather than 
a scule-of-tcns system. The switch is the basic 
example of a device that easily notes the condition 
of either “go” or “no-go.” Other units are de
signed to simulate the action of a switch. These 
components that exhibit two stable positions are 
generally referred to as gates or gating circuits. 
The gate, as the name implies, permits or prevents 
the how of current in a circuit.

Gates. Most gating circuits have an output 
and two or more inputs and are designed so that 
the output is energized only when certain condi
tions are met. The following stages are activated 
only when the proper conditions exist at the gating 
circuit. Triodes, tetrodes, and pentodes are often 
used for this purpose. Since these are amplifier 
tubes, the circuit may be called a coincidence 
amplifier—an amplifier that has an output only 
when two pulses are applied simultaneously to the 
tube.

The circuit in figure 6-79 shows a tetrode used 
in a gating circuit. Notice that the tube has fixed 
cathode and screen grid bias and inputs at both 
the control and screen grids. With the correct bias 
voltages applied, a positive pulse on the control 
grid will not cause the tube to conduct because 
the screen grid is still negative. If the screen grid

swings positive at the same time the positive 
pulse appears at the control grid, the tube will 
conduct and the inverted and amplified pulse will 
appear at the output. The right conditions must 
exist at both input A and input B before an out
put will appear at the plate of the tetrode.

Since diode tubes permit current to flow in only 
one direction, they may be used satisfactorily in 
gating circuits. Current flows through a diode only 
when the appropriate voltages are present. This 
flow can cause other tubes or circuits to be in
fluenced accordingly. Shown in figure 6-80 is a 
diode-coupled gating circuit using two diodes and 
a triode.

In the normal condition with no inputs, both 
diodes conduct and the grid of the triode is 
slightly positive with respect to ground. The fixed 
bias at the cathode of the triode prevents the triode 
from conducting until the control grid goes above 
the cutoff potential. If Vi or V> is cut off by 
a positive pulse at input A or input B, the? grid 
of W3 will not rise about cutoff voltage. If both 
Vt and V2 are cut off by positive pulses arriving 
simultaneously, the grid voltage will allow Vs to 
conduct, and an output will appear at its plate.

These are but two of the many possible elec
tronic circuits that can be used to develop the 
gating pulses required in computers. Tapes may 
also be considered as gating devices because they 
allow following circuits to operate only during 
certain periods. Solid state circuitry using trans- 
sistors is replacing vacuum tubes iu newly designed 
circuits.

Counting. Another important function that 
takes place in the logical unit is that of counting. 
In any computation, it is necessary to have a 
means by which the number of operations may 
be determined. This is the function of the counter.

This function is performed in connection with 
the punched tape of the magnetic recording. In 
these cases the repetition of pulses would be re
corded along with the other operational functions.

Once again, an electromechanical switching 
principle may be used in the functions of counting. 
In this case, a multiposition switch is actuated by 
some electromechanic ally operated clutch sys
tem to give any desired number of pulses in a 
given period of time.

The counting function may or may not be a 
continuous operation in a computing system.

AFM 52-31
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figure 6-30. D/odt-Coupled gdfe

When the counting takes place depends on the 
stale in which other components of the system 
arc set—that is, it may be necessary to count a 
certain number of other operations that have 
taken place before some new operation is to be
gin.

One of the basic means of having a continuous 
or interrupted system of counting is by employing 
the multivibrator or flip-flop principle. One of the 
basic multivibrators is the Eccles-Jordan type. 
Originally designed and used as a vacuum tube cir
cuit using two triode tubes, the tubes have been 
replaced by transistors and the circuit has become 
solid state. This bistable multivibrator is shown 
in figure 6-31. This circuit requires two input 
triggers to complete one cycle. The circuit is in a 
stable state when either transistor is conducting 
while the other is cut off. The states of the tran
sistor arc. switched with the application of a 
properly applied trigger pulse.

When DC power is first applied, one transistor 
conducts while the other is cut off. The conducting 
transistor .quickly saturates. Each transistor re
mains in this stable state, held there by the condi
tion of the other, until a trigger pulse is applied. 
A negative trigger applied to the base of the con
ducting transistor will not change the state of 
operation: The same negative pulse applied to the 
base of the cut off transistor will change the state

of the circuit. The transistor that was conducting
will now be cut off, and the transistor that was/
cut off will now be conducting. This circuit could 
also be triggered by applying a positive pulse to 
the base of the conducting transistor.

The method used to trigger the circuit Is deter
mined by the polarity and magnitude of the trigger 
pulse available and the desired repetition rate of 
the output.

For circuit operation of the multivibrator 
shown, assume transistor Q l is conducting and 
transistor Q2 is cut off. A negative trigger pulse 
applied to the base of each transistor at time TO 
causes transistor 0 2  to conduct. The increasing 
collector current causes the collector voltage 
(VCj) of transistor Q2 to decrease (become less 
negative). This change In voltage is coupled to the 
base of transistor 01 and reduces its forward bias. 
Conduction in transistor Q l begins to decrease. 
As the collector current decreases, collector volt
age (VcO changes from zero to u negative value 
(approaching the value of battery voltage (Vcc). 
This change in voltage is coupled to the base of 
transistor Q2, making the base more negative and 
increasing the conduction of the transistor. The 
regenerative feedback continues until transistor 
Q2 is saturated and transistor Q l is cut off.

Transistor Q2 continues conducting and tran
sistor Q l remains cut off. They remain in this
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Figure 6-81, Transistor Ecclos-Jordan Multivibrator and W aveforms

state until the next negative trigger pulse is applied 
to the base (time T l ) .  At time T1 transistor 01  
conducts and Q2 is cut off. This completes one 
full cycle of the output square wave. The time 
constant of capacitor Cl and resistor R2 and that 
of capacitor C2 and resistor R6 essentially deter
mine the time from conduction to cutoff of tran
sistors Q l and Q2, respectively. In addition, the

capacitors rapidly couple the changing voltages to 
the bases to insure rapid switching action of the 
transistors.

The output signal of the bistable multivibrator 
is coupled through a capacitor (C5) to the load. 
Although the output is taken across transistor 
Q2, it could have also been taken across transistor 
Q l. Frequency division of this transistor multi-
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vibrator is the same as that in the electron tube 
version, that is, a ratio of 2 to l.

Resistors RI ami R5 provide the DC collector 
load for their respective transistors. The necessary 
forward bias for transistors Ql and Q2 is pro
vided by a voltage divider network consisting of 
resistors R3 and R6 for Q l, and R7 and R2 for 
Q2. Resistor R4 has a twofold purpose: to pro
vide emitter temperature stabilization and to in
sure a bistable condition within the circuit. Capaci
tors C3 and C4 serve to couple the input trigger 
pulse to the base of each transistor.

The multivibrator circuit lends itself well to a 
binary system using the digits 0 and 1. Non
conduction of one of the transistors could repre
sent the 0, while the conduction state :ould 
represent the 1.

There are many adaptations of the flip-tlop 
principle. As presented in the next part, this prin
ciple can be used equally as well in the memory 
circuits of the computer.

Memory Unlr

A memory unit stores information until it is 
called for in the computation. A memory unit is 
actually the “backbone” of the computer. The 
term “delay circuit”, is often used ia connection 
with the memory unit of the computer. This delay 
is in actuality a form of storage—a short-time stor
age system. The usage of the term “delay” is 
usually with regard to a particular operation that 
is to be performed after some other operation. 
“Storage* refers specifically to the retention of 
some information that will be needed in later 
calculations.

Here again, in memory circuits, a diversity of 
components are used in a computer. Some of the 
components common to the input and logical 
units are also used in the memory circuit. This is

true of the punched tape, magnetic recording, and 
the switch. There arc some circuits that arc quite 
limited as to their uses, and some of these that 
find their specific use in the memory unit arc 
presented in the following paragraphs.

One of the most adaptable means of high-speed 
reference storage is the sonic delay line illustrated 
Ln figure 6-82. Sonic delay linos, as the word 
implies, arc lines that function by transmitting 
sound pulses through a medium of liquid, solid, 
or gas. The one in the illustration is a liquid-type 
delay line, using mercury as the transfer medium.

In this delay line, two quartz crystals are used, 
one as a transmitting element, the other as a 
receiving element. Quartz crystal is an efficient 
material in that it exhibits excellent piezoelectric 
effects, and the acoustical impedance of quartz 
and mercury arc comparable. Matching of acousti
cal impedances indicates that there will be an 
optimum transfer of sound energy relayed between 
the mercury and quartz. Suppose, for example, 
that a signal is fed into the delay line and that it 
has the coding of 101011 (in accordance with the 
binary system). The quartz crystal receives this 
code as “pulse, no pulse, pulse, no pulse, pulse, 
pulse.” The quartz crystal, in turn, sets up sound 
waves within the mercury that have the same 
rhythm, or repetition. The sound waves in striking 
the quartz crystal at the opposite end of the delay 
line reproduce the electrical impulses. These 
pulses of energy are then amplified and returned 
to the input of the delay line where this cycle of 
energy transfer is repeated,

This cycle of transmitting and receiving the 
impulses is continued until a gating circuit is 
operated that will either transfer the energy to 
other components or clear it from the system.

Another means of storing information is by 
electrostatic storage— cathodc-ray tube storage.

Figure 82. Mercury-Tank Sonic Delay Line
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Shown in figure 6-83 is the basic electrostatic 
storage tube. In this case, a beam of electrons is 
directed upon a surface composed of conducting 
and non-conducting segments. As the electrons 
strike this surface, an electrical charge is created.

v  COPPtR

Figure <5*83. Electrostatic Siorog•

The presence or absence of the electrical charge 
gives an indication of 0 and 1 conditions. Thou
sands of units of information can be handled 
readily by the electrostatic tube. The information 
can be stored or erased readily, and in conjunction 
with other circuits, this information can be re
tained for long periods of time.

Phosphorescent materials are also used for 
digital storage. In this case, a cylinder (drum) is 
coated with a phosphorescent material and ener

gized with electromagnetic radiation. The irradiat
ing spots are then read off by means of a photo
electric cell. Because of difficulties with Light 
shielding, with heat interference from the system, 
and with optical interference, this system of stor
age is limited in application.

Output Unit

After all computations have been completed, 
there must be some means of presenting the 
answers to the operator. Any of the devices that 
are used for putting information into the computer 
may also be used to take information from ihe 
machine. This includes recorded tapes of all types, 
and relays whose positions may be indicated by 
light bulbs.

Geared indicators, similar to those on the com
mon desk-type calculator may also register the 
results.

In an airborne missile system, the results of the 
computer may be used directly to influence the 
control system or, perhaps, the sensor unit in a 
directional system of guidance.

Mechanical Systems
So far the operational techniques and a few of 

the common types of components used in the digi
tal computers have been presented. Table 6-2 lists 
the various functions of a digital computer along 
with the common types of devices that may be used 
in each.

Note that during the discussion no mention was 
made of any mechanical systems used within the

7ob/a 6-2. Functions of a Digital Computer

INPUT UNIT LO G IC A L  UNIT M E M O R Y  UN IT OUTPUT UNIT

Toptfe Sw lldioi Taper Tap##

Fundi#d pop#r (or card*) O o fM Pundiod Punch #d

Photographic Vacuum lu b t i M a g n e lk M a g  tv# Ik

M agcv ilk  top#  or wlr# T o p H Photographic Photographic

luMortt Punched Sonic d# lay  Ifn# Switch## (Rghli)

Switch#* -Magnetic Eltctrottolk RoJay* (HgM il

R ilo y i Photographic PhotphoratcenJ G la re d  indicator*

Mechanical

frror SfgnaJi from mfiult#

FNp'Plop (iwlltvibrotor)

Relay i.

M e d ia  nka l

M *ch an ko ) M achankol

M b isU  cofraction of error*
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digital computing machines. These were not omit
ted because of unimportance, but because the me
chanical types are generaUy peculiar in their 
construction to fit a particular job. For example, it 
may be desirable to use some type of a gearing 
mechanism to perform a calculation. This gearing 
may involve several types and arrangements to 
fit the purpose.

Many mathematical functions such as addition, 
subtraction, multiplication, or division may be 
handled within the computer. Consider the addi
tion processes performed by a computer. The first 
step in making ready the information for the binary 
digital computer is to put it into the binary num
bering system. This binary form of the informa
tion is then fed into circuits that perform the logic 
operation of “and.” The memory units come into 
operation whenever there is any carrying lo be 
done. For example, if the two decimal numbers 9 
and 5 are to be added, they are converted to their 
binary equivalents 1001 and 101, respectively. 
Then the last two digits of the binary number enter 
an “and” circuit. This 1 plus 1 gives the number 
2 or, in binary notation, 10. Therefore a 1 has to 
bo stored for a short time. Further “and" circuits 
then operate to give a final binary answer of 1110. 
This process is illustrated in figure 6-84 for further 
clarity.

The process of subtraction would be similar to 
that of addition except that circuits employing

"not” and “or” logical patterns would have to be 
used. These circuits may use flip-flop circuits or 
relay systems in addition to adders. Another meth
od of subtraction in computers is to take comple
ments of numbers and then perform algebraic ad
dition operations.

Any multiplication process can be, and usually 
is, performed by a series of additions. Likewise, 
the division of a group of numbers may be accom
plished by the repeated process of subtraction.

Any mathematical process can be duplicated by 
the use of digital computers. Problems involving 
square roots, trigonometric functions, or differen
tial equations can be handled with great speed and 
accuracy,

COMPUTING DEVICES IN THE MISSILE FIELD

Many computing circuits and devices are used 
in the missile field. In some cases, they are con
tained in separate and distinct units and are identi
fied as computers. Other units in missile systems 
often have computing circuits and devices as in
tegral components. These components are often 
not readily apparent and identifiable. In future 
study of missile systems, keep in mind that many 
missile electronic, electrical, and mechanical sys
tems and subsystems contain elements for perform
ing some computing functions.

DEC IM AL B IN A R Y  N O T A T IO N

9 1001 [ ( lX 2 ’)+ (0 X 2 3) +  {0 X 2 ')+ (tX 2 ° )= 9 )
4-3 101 f{1X2 IH l X 2 ,)-(tX2« )=51
U "AND’' 0

"M E M O R IT  1 
" A N D "  n __

"A N S W E R " 1110 1(1 X  2*}— (1 X 2 l> — (1 X J ’)— { 0 X 2 * ^ = 1 4 j

Figure 6-84. Binary-Digital Addition
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SECTION C  
Reference Units

The reference unit employed in a missile guid
ance system provides standards for generation and 
synchronization of electricol impulses and for tim
ing of electronic circuits to insure proper function
ing of the guidance system.

Guidance references are classified broadly into 
two groups:

1. External references (associated with the 
base station, ground radar, and transmitters).

2. Internal references (located within the
missile).

EXTERNAL GUIDANCE REFERENCES

External guidance references are considered to 
be those that are outside the missile but essential 
to the operation of the system in controlling the 
course of the missile. Included in this category 
are radio and radar beacons, celestial bodies, and 
topographic or gravitational characteristics of the 
earth.

Radio and radar beacons find primary usage as 
reference units in short range missiles. In systems 
employing radio or radar reception, the position 
of the missile is accurately established by one or 
more beacon transmitters.

Reference, in some cases, is established by 
homing on an enemy transmitter. It also is pos
sible to plant a transmitter in enemy territory. 
A small missile is used to plant the transmitter. 
After the transmitter is planted, a large missile 
carrying a heavy payload can be accurately guided 
to the target.

Hyperbolic grids (navigational networks) are 
another type of radar external references. These 
references are generally used in establishing the 
initial part of the flight only.

Celestial bodies also afford an accurate exter
nal reference. Using precise star tracking sys
tems, along with predetermined information, a 
missile is programmed throughout its course. 
Stars make an excellent reference for long-range 
missiles.

The topographic and gravitational character
istics of the earth are additional reference stan
dards used either for short- or long-range systems. 
Topographic features of the earth are used for

reference in all map-matching systems. Television 
systems may also be considered as using the 
topography of the earth.

Gravitational influences of the earth serve to 
establish the reference for all of the inertia types 
of guidance systems. Plumb bobs, gyros, accel
erometers, and other inertial devices establish the 
position of the missile by making reference to the 
gravitational influence of the earth.

The various units that may be used as exte/aal 
reference are not taken up in detail here. Some 
of these units are described in a later discussion 
on guidance systems. The rest of this presentation 
of reference units relates to the internal reference 
units— those found within the missile itself.

INTERNAL GUIDANCE REFERENCES

Although some of the internal reference units 
considered here, such as stabilized platforms, make 
use of outside references, they are covered as in
ternal reference units because they are contained 
within the missile.

Timing Controls

Consider first the various methods of timing. 
One of thesu methods or various combinations of 
these methods might be used in a guidance system.

O s c i l l a t o r s . Oscillators used as timing con
trols and frequency standards must possess a high 
degree of stability under all operating conditions. 
This means that they must be relatively insensi
tive to variations in power-supply voltages, tem
perature, and pressure.

They must provide output voltages of constant 
frequency and amplitude to serve as standards 
or time bases for such guidance-system units as 
trajectory playbacks, scanner motors, fixed fields 
of gimbal and platform torquers, gyro rotors, gyro 
torquers, and microsyn signal generators. All of 
these applications demand a high degree of ac
curacy at relatively low operating frequencies.

Crystal-controlled oscillators possess most of 
the desired features except that of low-frequency 
operation. Because of piezoelectric characteristics, 
they arc restricted generally to frequencies ol 100 
kHz or higher and are susceptible to variations 
in temperature.

Relaxation-type RC oscillators employing gas-
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ecus tubes operate at very low frequencies but 
tend to be somewhat erratic. They require a con- 
siant-voltage power supply. Multi vibrator-type os
cillators also arc subject to these limitations.

To meet the requirements of a missile guidance 
system reference, many modifications of the fore
going oscillators have been tried. Two such modi
fications arc crystal-controlled oscillators with 
frequency dividers, and multivibrators with regu
lated and compensated power supplies.

One satisfactory time-base generator developed 
to date is a tuning-fork oscillator. At a frequency 
of 960 Hertz, this type of oscillator can be sta
bilized to a small frequency error over a wide 
range of temperature.

The tuning-fork oscillator shown in figure 6-85 
3s controlled by a 960-Hertz tuning fork in the 
grid and plate circuits of the 6AU6 tube. As the 
tuning fork vibrates, the inductance of the coil in 
the grid circuit changes, producing a signal on the 
grid of the 6AU6 pentode. This signal is taken 
from the plate of the pentode and coupled to the 
grid of the triode-connected 6AU6 amplifier.

From the plate of the triode-connected ampli
fier. the signal is capacitively coupled back to the 
driving coil of the tuning fork which is wound to 
produce a voltage of the same phase in the grid 
winding. This provides the regenerative feedback 
necessary to sustain oscillation.

A portion of the signal on the plate of the

triode-conncclcd 6AU6 is coupled through a 0.1- 
/if condenser and a varistor, then back, to the 
cathode of the pentode 6AU6. This provides de
generative feedback to control the oscillator. If 
the oscillations at the plate of the triodc tend to 
increase because of a change in temperature or 
some other transient condition, more degenerative 
voltage is fed back to the cathode of the pentode 
stage, thus decreasing its gain.

The 200K potentiometer in the grid circuit of 
the oscillator controls the amplitude and phase 
of the grid voltage. This serves as a frequency 
adjustment, preventing a frequency change that 
may be caused by too much current in the driving 
coil of the tuning fork.

One sinusoidal output from the 960-Hertz tun
ing-fork oscillator is fed through a twin-tee or 
parallel-T filter designed to pass only a 960-Hertz 
signal. The output is then applied to a gyro signal 
generator or other circuitry which uses synchro
nizing or liming signals of this specific frequency.

Another output is passed through a buffer am
plifier to frequency-dividing or frequency-multi
plying circuits to produce other timing frequencies 
such as 60, 120, 240, 480, 1920, 3840 Hertz, etc.

Various other time-base generators suitable for 
applications requiring a lesser degree of accuracy 
are discussed later in the text.

F requency Changers. Frequency changers are 
either mechanical or electronic devices used to
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divide or multiply the output frequency of a stan
dard signal generator. If the application requires 
a signal frequency within dose tolerances, the 
frequency-changing device must possess the same 
degree of accuracy as the standard time-base gen
erator. This requirement restricts the use of 
mechanical devices, such as choppers and vibra
tors, as timing controls or frequency standards in 
missile guidance reference units.

Where even submultiples arc desired such as 
f/2, f/4, f/8, etc., of a standard reference fre
quency, a bistable multivibrator can be used as 
a frequency divider. This device produces a 
scjuarewave output with a frequency equal to one- 
half that of the input signal, and either half of 
the multivibrator may be conducting when no 
input signal is present. Two or more such devices 
can be cascaded to produce even submultiples of 
the standard frequency signal. The bistable multi
vibrator shown in figure 6-86 can be used for 
dividing frequency by two. The division is deter
mined by the values of the resistors and capacitors 
in the circuit.

Assuming a 960-Hertz input to the multivibra
tor, the output frequency would be 480 Hertz. 
These signals could then be coupled to cathode 
followers through harmonic filters so that the 480- 
Hertz sine waves are obtained from cathode fol
lowers for reference purposes in synchronous and

test goniometers, guidance pulse generators, or any 
other circuitry requiring a reference signal of 480 
Hertz per second. This 480-Hertz signal can be 
applied to a similar circuit for producing a 240- 
Hertz reference signal and so on down to fre
quencies of 60 or 30 Hertz, below which this 
circuit tends to become too unstable for reference 
purposes.

Frequency multipliers also may be mechanical 
or electronic, but as in the case of frequency 
dividers, they must possess stability and accuracy 
in the same degree as the primary frequency refer
ence when used as standards of reference. Few 
mechanical devices possess these desired qualities, 
and consequently, they arc not suitable for appli
cation in missile guidance reference units. At 
radio frequencies, electronic multiplication is rela
tively simple. It is accomplished by the use of 
amplifier stages with tuned grid and tuned plate 
circuits. The grid circuit is energized by the pri
mary reference signal, and the plate circuit is 
tuned to a harmonic of the fundamental frequency. 
This system is widely used. Where power require
ments are small, harmonics as high as the 55th 
have been used. Any inaccuracy in the primary 
signal is multiplied proportionately in this type of 
frequency multiplier and may render the signal 
unsuitable as a reference.

One method of frequency multiplication which

Inpail

Figure 6-86. Dry/de-by-Two Muhivibrator
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is widely used for producing time-bases and range 
markers in radar equipment employs a circuit 
known as a ringing circuit, or ringing oscillator. 
The ringing circuit shown in figure 6-87 employs 
a suitable amplifier tube with a tunable LC circuit 
in series with its cathode. A transistor could also 
be used in place of the tube. The tube is normally 
conducting until the negative portion of the signal 
cuts it off. At this time, the field produced by the 
normal cathode current, flowing through the in
ductor (L ), collapses. Its current flows into the 
capacitor (C ), initiating an oscillatory action. The 
values of L and C determine the frequency of 
oscillation; therefore, the primary reference signal 
is used to start and stop the ringing action of the 
LC tank circuit.

The number of oscillations produced in the 
tank circuit is controlled so that the frequency of 
the oscillations is any desired multiple of the fre
quency of the triggering signal (primary refer
ence). The controlled frequency must be within 
the tuning range of the LC tank circuit.

D e l a v  C i r c u i t s . Missile guidance systems fre
quently employ circuits which require a finite 
lime for their actuation. The timing and sequence 
of operation of each circuit must be closely con
trolled with respect to the master signal or data 
pulse. To obtain the desired sequence of opera
tion, the pulse or waveform is delayed or stored 
by means of some mechanical or electronic device 
which has a definite period of transmission between 
its input and output. An electronic circuit which 
performs this function is called a delay circuit or 
storage network. Delay circuits also are employed

in radar applications to measure time intervals and 
form pulses, to synchronize sweep circuits and 
time-base calibration in oscilloscopes and sweep 
generators, and to provide channel separation in 
time sequence in multiplex communication sys
tems.

The type of delay circuit employed depends on 
the characteristics of the data to be delayed and 
the time delay required. Some circuits commonly 
used as delay circuits arc artificial transmission 
lines, start-stop multivibrators, and the phantas- 
tron circuit. These circuits and their applications 
are presented in this section.

Since any conductor possesses inductance and 
capacitance, a transmission line is considered to 
be an LC circuit. The characteristics of a trans
mission line can be duplicated by proper combi
nations.of L and C used as a delay circuit suitable 
for delay time within the range of 0.01 to 100 
microseconds. Some artificial transmission lines 
consist of wave-filter sections mutually coupled, 
For long time-delay requirements, so many sec
tions might be needed to provide the required 
delay and sufficiently high cutoff frequency that 
some other delay device might be more practical.

For delay lime longer than 100 microseconds 
and up to several thousand microseconds, a pulse 
is delayed by transmitting it via supersonic waves 
through a liquid medium, such as mercury. In 
some applications, such as electronic computers, 
pulses are stored in mercury ultrasonic tanks for 
relatively long periods of time.

Transmission lines, such as coaxial cables and 
parallel conductor lines, are used as delay lines
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when delays of the order of a fraction of a micro
second are required.

The time delay (Td) of the line in figure 6-88 
can be calculated by means of the equation

Td =  N VLC
where Td is the time delay in seconds, N the 
number of sections, L the inductance per section 
in henries, and C the capacitance per section in 
farads. Solve for Td as follows:

Td =  N VLC
Td =  4 V4.5X1D-3X 20X 10=:I?
Td =  4 V 9 X 1 0 -1*
Td =  4 x 3 x l 0 “ ?
Td =  12X 10—7 =  1.2X10—« sec
Td =  1.2 microseconds

The characteristic impedance, of the delay 
line in the above example is found from the for
mula

where: L =  inductance per
section in henries 

C =  capacitance per 
section in farads -

4.5X 10-*
2 0 x  10~la

2W ! £ to^ = v/2-2 5 x I 0 ’
=  1.5X10" =  15,000 

.'.Zo of the delay line =  15,000 ohms

If this delay line is terminated in a 15,000-ohm 
resistor, pulses applied by the tube to the input 
of the line travel to the output end, and are not 
reflected. The operation of the tube is the same 
as if a 15,000-ohm resistor were connected direct
ly in its plate circuit.

When an artificial transmission line is termi
nated in its characteristic impedance, voltages 
applied at its Input end are dissipated by the 
resistance termination without reflection. If the 
line is open-circuited at its terminal end, any 
voltage applied to the input is reflected back from 
the open end without change of phase, just as iu 
the real line.

Figure 6-89 illustrates an application of an 
artificial transmission line used to introduce a 
delay so that Va is operated at a slightly later time 
than Vi. The delay is determined by the values
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of the lumped L and C constants using the pre
viously mentioned formula:

Td =  N \/LC

where N is the number of sections of line used. 
Since R is the terminating resistance of the line 
as well as the grid input resistance of Vj, it must 
he equal to the characteristic impedance of the 
line to prevent reflections.

An artificial transmission line has characteris
tics similar to a low-pass filter. Such a filter tends 
to pass ail frequencies below its cutoff value (Fc) 
and to reject all frequencies higher than the cutoff 
value. The greater the number of sections ;n the 
line, the more sharply defined is the cutolT fre
quency, which may be expressed as

7r yLC
Synchronizing pulses usually either arc rectan

gular in shape, or they consist of a sudden rise in 
voltage followed by a slower exponential delay. 
Such waveforms include a considerable number 
of high-frequency components. If the delay line 
is to pass such a wave without distortion, its cut
off frequency must be high enough to pass the 
necessary frequency spectrum.

In the guidance systems of missiles, radar pulses 
arc frequently used to initiate the operation of 
various circuits within the missile.

When the same pulse is used to trigger more 
than one circuit, and where some specific time 
interval or sequence of operation is desired be
tween activation of the circuits, a variable delay 
circuit must be provided. The start-stop (mono
stable) multivibrator is suitable for producing the 
desired delay in many of these applications.

The start-stop multivibrator is usually triggered 
by a pulse of short time duration, so a square or 
rectangular wave must first be differentiated and 
the undesirable portion clipped before it is suitable 
as a synchronizing pulse. In figure 6-90 the sync 
pulse is negative, and a transformer is used to 
reverse its polarity so that a positive pulse is 
applied at the grid of V|.

In this circuit, Vi is normally cut off by the 
cathode bias developed across Rx, as V* conducts 
heavily. When the positive pulse is applied at the

grid of Vi, it will allow Vi to start conducting, 
thus decreasing its plate voltage. Capacitor. Ci, 
which was charged to the B-f- voltage, will now 
start discharging through R2l making the grid of 
V';. negative with respect to its cathode. Current 
How through will decrease, which decreases 
the current through Rx and the voltage drop across 
it. This allows Va to conduct even more, dropping 
its plate voltage still further and making the grid 
of Vj more negative. This action is repeated until 
Va is cut off as shown by its plate voltage wave
shape in the illustration. The rise from low plate 
voltage to B-b voltage indicates that this action, 
though accumulative, is practically instantaneous.

Tube V2 will remain cut off, and Vj will con
tinue to conduct until Ci discharges sufficiently 
toward the lowered value of plate voltage of V t 
to allow the grid of V2 to rise from its lowest 
value to cutoff voltage. At this point, V2 starts 
to conduct, increasing the voltage drop across Rx 
and reducing the current through Vi. The de
creased plate current of Vi causes the plate voltage 
of V, to increase. This increase, coupled to the 
grid of V*, causes V2 plate current to increase 
still further. This action is repeated until Vi is 
driven to cutoff and V2 is conducting heavily. 
Once again the action, though accumulative, is 
practically instantaneous.

The plate voltage from V2 is applied to a trans
former with a short L /R  time constant, so the 
square wave is differentiated in the secondary. 
The output voltage has a negative pulse that has 
been delayed a certain period of time with respect 
to the input pulse. By the proper selection of cir
cuit elements, the desired time delay can be 
achieved. The time delay in this circuit can be 
varied by changing the resistance of R*, and pre
cise final adjustments can be made by changing 
the resistance in the plate circuit of Vi.

P h a n t a s t r o n  C i r c u i t . The phantastron cir
cuit is a medium precision delay circuit which is 
similar in operation and output to the “flip-flop" 
circuit. It possesses an advantage over multivibra
tor circuits in that it is quite stable under power- 
supply voltage variations.

This circuit is frequently employed as a delay 
circuit for timing the sequence of operations in 
missile guidance systems and in pulse-decoding 
systems.
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Figure 6*91 illustrates a phantastron circuit 
employed to delay a negative input pulse over a 
range of approximately 50 to 350 microseconds.

Control-grid initiation of delay is used in this 
circuit instead of the conventional suppressor-grid 
method. Plate voltage is set by Ri. Tube Vi is 
conducting and holds the control grid of the phan
tastron (Vs) at a constant potential until the sig
nal-pulse appears.

The suppressor-grid voltage is determined by 
the bleeder chain R«, Ru, Ru, and Ru,

The time delay is adjustable by the setting of 
Ri, which determines die plate voltage and the 
initial charge on Ca. The network C3 and Rs

comprises a Miller integrator between the plate 
and grid, Tube Vi serves as an input control diode 
and Vj as a cathode follower input.

The operation of a similar circuit employing 
the Miller integrator is covered later in this chap
ter. The Miller integrator circuit is used as a pulse 
shaper rather than as a delay circuit in the ampli
fying units.

GoNtoMETRR, A goniometer unit consists es
sentially of autosyn phase shifters connected by 
common gearing with external hand control for 
driving the gear train.

The signal input to the unit is 100 kHz, 10 kHz, 
and 2 kHz sine wave voltages from the timing

IM P ED A N C E  OE UPPER 
LO O P  A

Z j= lM P fD A N C E  O F  LOW ER 
LO O P  ft

iiZi— i.H * c ,)= o

h2r~ I* Rj=0
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unit, while the output consists of the same sine 
wave voltages displaced in phase with relation to 
the input. This electrical phase shift is accom
plished by means of an autosyn resolver for each 
frequency of the input voltage. The autosyns are 
connected by a gear train in such a manner that 
the electrical phase shift of the 100 kHz sine wave 
voltage is 10 times the phase shift of the 10 kHz 
sine wave voltage and 50 times the electrical phase • 
shift of the 2 kHz sine wave voltage. The phase- 
shifted output voltages of the unit, when used in 
conjunction with the pulse generator, originate a 
video pulse which can be delayed in time by any 
amount.

A handwheel drive for the goniometer gear . 
train is located on the front panel of the unit to 
provide a means for varying time delay. A second 
control is provided for step delays of 100 micro
seconds.

The 2 kHz sine wave signal is fed into an im
pedance coil (Li-L* in figure 6-92), which makes 
the circuit look like pure resistance, and into an

RC network across the two coils of the rotor 
which are wound mechanically 90° apart. The 
current through capacitor Ci, the coil L, of the 
autosyn, and the resistor Ri will lead the current 
90° through resistor Ri, capacitor C2, and the 
other coil, L2, of the autosyn.

To prove that the voltages are 90° out of phase: 
The capacitive reactance is 796 ohms; therefore, 
the currents in loop A of the figure are equal to 
those in B displaced 90° as follows:

M i  _  lo ( - J X c t)  JXC1 Dividing, j j -  =  - U -a.....  =  - R p

Since: R| — R$ — Xct — Xc2l X u — X l?*» 
Zj =  Zi«

Then: ^ ; I> =  JI3; EL, =  JE „ .IJZ, R

The above formula is the same for any of the 
three autosyn networks. The output voltages of 
constant amplitude are furnished to the synchro
nous pulse generator and the monitor scope.

Figure 6-93. Goniometer UnH Diagram
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Figvr« 6-94. Pulse-Forming Line with Mechanical Switch

Figure 6-93 illustrates in block-diagram form 
the goniometer unit discussed in the preceding 
paragraphs.

P u l s e - F o r m i n g  C i r c u i t s . To transmit short, 
powerful bursts of RF energy, the transmitting 
tube of a microwave radar system is modulated 
(or keyed) by high-voltage rectangular pulses of 
short duration. A pulse of rectangular shape is 
desirable because it allows the transmitter tube 
to operate with maximum efficiency and frequency 
stability.

An artificial transmission line is used to create 
the modulating pulse either at a low-voltage power 
level (after which it is amplified by the modulator 
system) or directly at a high power level. Figure
6-94. illustrates a pulse-forming line with a me
chanical switch.

The four condensers of the line are charged up 
to the potential of Et> through a high resistance 
(R j). Resistor R* has a resistance so much greater 
than the characteristic impedance (Zo) of the line 
(hat this end of the line may be considered effec
tively as an open circuit.

When switch S is closed, the line abruptly be
gins discharging at a constant rate through Rj, 
which is equal to the characteristic impedance of 
the line. If the network consisted of the four con
densers only, the discharge would follow an ex
ponential curve, and the current flow through Ri 
would not be constant. By using a well-designed 
artificial line which contains both inductance and 
capacitance, the discharge rate cart be held to a 
substantially constant value as long as .the line 
is discharging.

At the instant the switch is closed, the discharge 
wave starts traveling down the line toward the 
open end, causing the wave to lose half of its 
charge. Upon arriving at the open end, the wave 
is reflected back toward Rt. When it reaches Ri, 
the line is completely discharged, and the current 
Row through Ri abruptly ceases, terminating the 
rectangular voltage pulse appearing across that 
resistance. When the switch is open, the line again 
charges to the potential of Es.

A more practical, version of the foregoing cir
cuit is shown in figure 6-95. Note that the mc-
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Figure 6-96. Equivalent Circuit o f Puhe-Forming Line 
with Thyratron Switch

chanical switch (S) of the previous circuit has 
been replaced by a thyratron tube, which permits 
the microsecond timing required in a radar sys
tem. The gas tube is normally non-conducting 
because of the negative bias on its grid. This 
allows the line to charge up to the value of Eb 
through R2. The line is switched to its terminating 
resistance R, when a positive trigger pulse drives 
the gas tube into conduction. The current for this 
conduction is furnished by the line at a constant 
rate, causing a rectangular wave of voltage to ap
pear across Ri as long as the line discharges.

As the line becomes completely discharged, the 
plate voltage of the thyratron falls below the ioniza
tion point. As a result, the tube becomes noncon- 
ductive because, in a short period of time, Eb is 
unable to supply enough current through the high 
resistance of Rj to maintain the plate voltage. 
When the thyratron ceases to conduct, the line 
again charges Up to the potential of Eb. A rela
tively long charging time can be allowed since it

normally takes place during the interval between 
transmitted pulses.

The charged line can be considered as a genera
tor with an internal EMF of Eb and an internal 
impedance of Zo. At the time the thyratron Arcs, 
the line (or generator) is effectively thrown across 
resistance Ri, which is equal to Zo and in series 
with it. This equivalent circuit is shown in figure
6-96.

A voltage equal to one-half Eb appears across 
R t, and at the same instant a voltage wave 
-E b /2  starts down the line. This wave is reflected 
back from the open end in phase and arrives back 
at Ri, having completely discharged the line. At 
this time, the thyratron ceases to conduct, and 
the voltage across Ri drops abruptly to zero. The 
potential has been maintained across resistor Ri 
during the time required for the voltage wave to 
travel down the line and return. The thyratron 
merely starts the action and the lime of its con
duction is determined by the characteristics of 
the pulse-forming line.

It was stated earlier that for a delay line, the 
time delay is equal to N yL C . j n the case of a 
pulse-forming line charged to a given potential, 
the voltage wave must move down the line and 
back, producing a time delay twice as great. The 
width of the voltage pulse developed across the 
terminating resistance is determined by

T  =  2 N \/LC

while the pulse repetition rate depends on the fre-
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quency of the timing oscillator which triggers the 
thyratron switch tube.

A variation of the pulse-forming circuit is shown 
in figure 6-97. In the circuit, the pulse-forming 
line is in the cathode circuit of a triode amplifier 
tube.

Assume that the amplifier tube is normally non
conducting and that it is desired that the tube 
produce a rectangular pulse of short duration at 
the output. The cathode resistor of the amplifier 
is replaced by an artificial line, and the tube is 
brought into a conducting state by the sharp rise 
in voltage as the leading edge of a rectangular 
wave is applied to its grid. At this instant, plate 
current increases sharply and establishes a voltage 
wave between cathode and ground. This voltage 
starts down the line, and upon reaching the effec
tively open end (R2), it is reflected back without 
change in polarity, arriving between cathode and 
ground after a time 2N VLC. This sudden in
crease in voltage on the cathode is sufficient to 
cut off the tube. The leading edge of the output 
pulse (appearing across R3) is formed as the tube 
is placed in conduction and coincides with the 
leading edge of the pulse on the grid.

The constant amplitude of the output pulse is 
maintained by the characteristics of the line. The 
trailing edge of the output pulse is formed as the 
line cuts off the tube at the time 2N VLC and 
bears no relationship to the grid voltage. After 
the tube is cut off, the line discharges slowly 
through Rj until the cathode voltage becomes low 
enough to allow the tube to conduct, or until n 
pulse again drives the tube into conduction, initiat
ing a new cycle of operation.

The foregoing circuit docs not necessarily have

to be an amplifier stage. It could be an RF oscilla
tor, or a transmitting tube, with an artificial line 
in its cathode circuit. Such an application would 
determine the width of the RF pulse transmitted 
whenever the transmitter circuit is triggered by 
the liming oscillator.

While the standard artificial line is quite satis
factory to produce a time delay, it has some limita
tions as a pulse-forming device because each sec
tion of the line tends to produce a hump, or ripple, 
in the flat top of the rectangular-wave output. This 
defect can be minimized by using a large number 
of small units to obtain the required amount of 
inductance and capacitance. The resulting humps, 
or ripples, while more numerous, would be of 
much smaller amplitude. This would result in an 
artificial line more closely approximating a real 
transmission line. The artificial line composed of 
a large number of small LC units is less compact 
and Is more complex in design.

When pulses are formed by artificial lines at 
low power levels and then amplified, some devia
tion in the pulse shape can be tolerated. Limited 
deviation is permissible because amplifiers can be 
operated so as to effect a small amount of plate 
limiting and thus clip the uneven flat top before 
it is applied to the transmitter tube.

When pulses are to be developed initially at 
high power levels for direct application to the 
transmitter lube, little can be done to improve 
the pulse shape when using a standard artificial 
line as the pulse-forming medium. To meet the 
rigid puJsc-forming requirements of this latter ap
plication, a special type of line, known as the 
Guillcmin line, has been designed. This line is 
shown in figure 6-98 as employed with a mcchani-

t. t, i,
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cal switch. The line is charged through Ri, which 
could be replaced by a choke. The main storage 
capacitor of the line, Co, must withstand the full 
potential (Eh). Closing the switch causes the line 
to discharge through R*. The line is so designed 
that on discharge a more nearly constant current 
hows through the terminating impedance than can 
be obtained with the standard type of line. A 
rectangular wave with a more perfect fiat top is 
obtained from the Cuillemto line, and it may be 
used to create pulses of high amplitude for direct 
application to the transmitting tube.

In practical application, the switch is replaced 
by one or more thyratrons with their cathode-to- 
platc paths in scries so as to divide the high volt
age of Eh. The discharge of the line is effected by 
triggering the grids of the thyratrons. R2, in this 
case, would be replaced by the transmitting tube. 
The impedance of the line; as well as the imped
ance of the transmitting tube, would be matched 
to prevent reflections.

There exist many modifications of the foregoing 
pulse-forming circuits, as well as other devices 
which are employed to produce pulses. The cir
cuits presented here are basic circuits and are 
found in general use in microwave radar as used 
in conjunction with missiles.

Programmers

A  flight programmer is a unit into which pre
calculated flight data are inserted. The program
mer supplies these data to the various control 
circuits of a missile in the sequence necessary to 
cause the missile to conform to the predetermined 
pattern of flight. The programmer may include 
*̂uch units as the air log, Veeder counter, map

matching devices, magnetic-tape pickoffs, and sta
bilized platforms. These units may be found singly 
or in various combinations in the programmer, 
depending on the type of control required or the 
complexity of the flight pattern.

Air Log. An air log is used to determine the 
range of flight. It operates on the principle of an 
air screw which makes a specific number of rev
olutions while moving through air for a given 
distance and at a given velocity. The number of 
revolutions per unit of distance depends on the 
pitch of the screw and the density of the air.

Generally, an air log is attached to the outer 
surface of the nose of the missile and consists of

Figure 6-99. Cross-Section of V«eder Counter

a small 4-bladcd propeller, or screw, mounted on 
a shaft which drives a reduction worm gear wiLh 
a ratio of 30 to 1. For every 30 revolutions of the 
air screw, the driven gear makes l revolution.

The driven gear is machined from hard fibre 
or some suitable dielectric material, into which 
is inserted a pair of metallic contact points which 
make electrical contact with brushes. Two impulses 
are transmitted for each revolution of the gi ir. 
One impulse is transmitted for every 15 revolu
tions of the air screw.

The contact points and brushes serve to close 
a magnetic relay circuit in a Veeder counter, once 
for every 15 revolutions of the air log.

Veeder Counter. A Veeder counter is a de
vice consisting of several calibrated drums as 
shown in figure 6-99. The drums are driven by a 
train of gears designed to provide the desired ratio 
of turns between the drums. The mechanism is 
similar to that found in the odometer unit of an 
automobile speedometer. The calibrated drums are 
rotated and set to the desired length of travel for 
the missile. Each impulse from the air-log-operated 
relay represents a specific distance traveled (a 
specific number of revolutions of the air screw). 
Each one actuates the Vccder-counter mechanism
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so that the! calibrated drums roiaic from ihctt 
preset position back toward zero. When the count
er reads zero, it indicates that the predetermined 
dump point and/or arming point has been reached. 
At ?.cto reading, the proper circuits ate energized 
to position the controls for the terminal dive and 
to arm the warhead.

Magnetic-Tape Pickoff. The need for a flight 
programmer capable of storing sufficient data for 
long-range flights and having a degree of accuracy 
sufficient to render it suitable for use in hiph- 
velocity missiles, has led to much experimentation 
with magnetic tape and wire data recording and 
playback units. These devices make it possible for 
predetermined flight data to be magnetically re
corded on tape or wire and used as a reference 
in guidance of missiles.

In celestial-navigation systems, predetermined 
star-poshion data, such as desired azimuth and 
elevation angles with respect to the position of 
the missile at all points or at any specific points 
along the flight path, are compared with the in
dicated position data from the star tracker. Any 
error between the tape data and the tracker data 
is used to reposition the missile back onto the 
precalculated course. This necessitates exact re
cording and playback of data, which requires a 
dcumg and synchronizing system with a high degree 
of accuracy and stability.

When employed in a celcstial-naviagation sys
tem, the tape data specify that at every point along 
the flight path the angles between the missile and 
the reference stars should be of some exact value. 
If the star tracker indicates a discrepancy between 
the precalculated angle data and the actual posi
tion of the missile, the gyros, torquers, and acceler
ometers oh. the stabilized platform feed infer matron 
into the (racking control circuits to bring the mis
sile into the correct angular relationship with the 
reference stars.

In the trajectory playback system, a time stan
dard and a magnetic-tape playback reproduce (in 
the missile) information which has been calcu
lated and recorded in advance. This information 
controls the various circuits of the guidance sys
tem according to a predetermined schedule.

Fine steel wire affords a medium for storing 
a great amount of data on a spool of small size, 
and it is relatively indestructible. Certain disad
vantages make wire recording and playback un

suitable for flight programming. These disadvan
tages include inaccuracy in sequencing resulting 
from slippage of the wire on the spool or reel and 
imnuniforni wire speed resulting from variations 
in Ihe Tate of unwinding. As the wire unwinds, 
the diameter of die storage spool decreases while 
that of the pulling (capstan) spool increases. This 
operation gradually increases the rale at which 
the wire unwinds. No suitable device has been 
developed for pulling the wire at a constant speed 
independently of the reels. This disadvantage of 
variation in wire speed prohibits the use of wire 
in large spools as would be required for program
ming long flights.

Positive, uniform recording and playback speeds 
can be more readily obtained by the use of punched 
tape or film. Tape and film strips can be designed 
to provide several channels of data simultaneously. 
When steel tape or non-shrink able film is used 
and more than one set of data are impressed upon 
the tape, much more data can be stored on tape 
with less bulk than on wire. Multichannel tape 
requires the use of a multiple magnetic pickoff 
head with separate amplifiers and filters for each 
data channel.

The basic principles involved in magnetic tape 
and wire recording are the same. The data im
pressed by electrical impulses arc recorded on the 
tape or wire in the form of magnetized areas. 
Information is represented by the degree of mag
netization in each unit section of tape or wire, 
or the magnetized areas arc coded by spacing or 
by number with respect to reference points on 
the tape.

With any flight programmer, a highly accurate 
timing system must be employed so that the se
quencing of ihe flight-control data shall coincide 
exactly with the speed and flight position of the 
aircraft. In some magnetic-tape programmers, a 
crystal-controlled oscillator is used as a master 
time-base generator, and its frequency is stepped 
down through a scries of multivibrators to produce 
the desired time-base frequencies. This method 
requires a large number of stages which increases 
the likelihood of error because of tube or com
ponent failure or of ftuctu&tions in power-supply 
voltage, temperature, etc.

Time-base generators or oscillators employing 
tuning-fork control at low frequencies are more 
accurate and stable than those of other types.
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Figure 6- 100. Magnetic Tape Programmer

They are becoming more widely used in flight pro
grammers. Figure 6-100 is a functional block 
diagram of a magnetic-tape programmer which 
employs a multichannel tape, with each channel 
capable of carrying two sets of data simultaneous
ly. One set of data is recorded by magnetizing 
pulses of one frequency, such as 200 Hertz, and 
the other set is recorded by magnetizing pulses 
of a different frequency, such as 400 Hertz.

The tape passes through a multiple pickoff 
playback head of the magnetic or variable-reluc
tance type with one pickoff for each data channel. 
Dual frequency outputs from each pickoff are 
amplified and passed through two filter circuits, 
one of which rejects the 200 Hertz data and passes 
the 400 Hertz data, while the other rejects the 
400 Hertz data and passes the 200 Hertz data.

The data pulses from each channel filter arc am
plified further and then applied to relay circuits 
for actuating the controls.

In the block diagram, a thyratron stage is shown 
in each channel. This stage conserves power by 
applying current to the relays only when a data 
signal is present.

The functions of the other blocks are shown on 
the diagram. The individual circuitry is treated 
in detail throughout this chapter.

The magnetic pickoff shown in figure 6-101 
operates on the variable-reluctance principle, in 
which the iron core of the pickoff coil is designed 
with a small air gap to offer a high-reluctance 
paih for magnetic flux. The tape passes through 
this gap and varies the reluctance of the core by 
an amount proportional to the degree of mag-
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Figure 6-101. Variable Reluctance Magnetic Pickoff

nctization of the data channel, or at a rate pro
portional to the number of magnetized sections 
passing through the gap in a specific unit of time. 
When the reluctance of the core is varied, the 
same effect is produced as would be obtained by 
varying the inductance of the coil, and the current 
flowing through the coil will vary accordingly. 
These variations in current constitute the data or 
intelligence conveyed from the tape to the controls 
through the playback circuitry of the programmer.

Map Matching

Radar map matching is another method for 
providing guidance reference in preset or automat
ic navigation of missiles. In this system, radar 
scans the terrain which lies beneath the aircraft 
course, and the PPI-scope presentation thus ob
tained is compared with a map or photograph of 
the same terrain. Any variations between the map 
and the PPI presentation, after conversion to the 
same scale, are resolved into error voltages which 
reposition the aircraft in the manner required to 
eliminate the error,

Stabilized Platform*

The accuracy of a missile guidance system de
pends on the accuracy and sensitivity of its individ
ual components and its ability to compensate for 
the effects of external forces acting on the missile. 
To maintain a predetermined relationship between 
the missile and a fixed reference at all points along 
die flight course requires the resolution of all

forces tending to produce any deviation from the 
desired pattern of flight, ■

In inertial guidance systems and in automatic 
celestial navigation systems, an artifical horizon 
plane always maintains a position perpendicular 
to the normal flight path. This plane provides 
an accurate reference for measuring star angles 
and determining instantaneous position of the 
missile. This artificial horizon plane incorporated 
into the aircraft is referred to as a stabilized plat
form.

A stabilized platform is necessary in all long- 
range guidance systems. It provides the reference 
plane for a predetermined path where the path of 
the missile is adjusted by devices wholly within 
itself. It makes use of Newton’s laws of motion. 
The platform is independent of outside informa
tion except in the celestial type systems where

Figure 6-102. Platform Improperly Processed
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the telescopes are used to help keep the platform 
stabilized and oriented. To resolve all of the ex
ternal forces acting on the missile into either roll, 
pitch, or yaw errors, the stabilized platform must 
be kept perpendicular to the direction of the local 
gravity vertical at all times. The reason for this 
is that unless the platform is maintained perpendic
ular to gravity, a horizontal component of gravity 
will act on the sensing instruments on the platform 
indicating false accelerations.

This horizontal component is shown as g sin a 
in figure 6-102. Alpha (a )  is the angle between 
the normal to the platform and the local gravity 
vertical or the direction of gravity at the geo
graphical position.

In space, a body in motion continues in motion 
in a straight line with a constant velocity, unless 
acted upon by some external force. Accurate 
measurement of the degree of such external forces, 
with correction factors, would enable a missile 
to hit any target within its fuel range.

For detection of any deviation of a missile from 
a predetermined path, the objective or target must 
be stationary. The target must retain fixed posi
tion with respect to the guidance reference at 
all times or reference is of no value. The path is 
initially defined by a platform stabilized by gyro
scopes around roll, pitch, and yaw axes. These 
gyros are given a space reference and would take 
the missile out into space unless corrected. To 
make the missile follow a path around the earth, 
the gyros must be torqued so that they precess

Figure 6-103. Platform Correctly P/ec•«■ «/

and orient the platform in its proper position as 
the missile follows the curvature of the earth as 
shown in figure 6-103.

If the missile were to fly to a target one-half 
way around the earth, the platform reference 
would be pitched through 180° from its original 
position!

To determine the amount the platform is pitched 
or processed, the position of the missile must be 
known. Position can be determined by knowing 
the velocity and lime of flight. To detect any 
change in velocity, an acceleration detecting device 
is added to the platform. The velocity change 
could be noted by a device whose action is similar 
to that of a plumb bob. A displacement of the 
plumb bob would indicate a change in velocity, 
but in any constant condition it would hang veni- 
cally. A change in velocity is acceleration. If this 
acceleration is integrated and if the velocity and 
distance outputs are compared with the desired 
distance and velocity, the position of the missile 
is easily determined. The functions of distance, 
velocity, and direction are then set into a program 
device. This program device specifies a velocity, 
and any external force acting on the missile pro
duces a change in velocity or an acceleration.

SECTION D
Amplifier, Controller, Actuator, 

and Feedback Units

This section covers amplifier, controller, actua
tor, and feedback units of missile guidance sys
tems. These units are just as vital to effective 
missile guidance as the units already presented 
at greater length. Coverage of these four units is 
brief because they are not complex circuits and 
the units are common to electronic fundamentals, 
well covered in other texts.

A M P L IF IE R  U N IT S

Certain operations of amplification may appear 
in any of the units of the block diagram shown in 
figure 6-1. This explanation covers various types 
of amplifiers not previously presented, These am
plifiers may be solid state circuits using transistors, 
as well as vacuum tube circuits.
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Fr«qu«ncy-StleOive Amplifiers

Frequency-selective amplifiers are employed in 
FM receivers which arc used in guided missiles 
to receive control signals from control transmit
ters. The control transmitters arc located on the 
ground or in a mother aircraft.

The control signals are frequency modulated 
by one or more of a number of audio channels. 
The number of channels varies with the require
ments of the system. These signals control ser
vomechanisms, auxiliary functions, and safety 
equipment in missiles.

The audio control frequencies, after being de
tected,: are routed by selective audio filters to 
relay energizing circuits which cause relays to 
close or open, energizing or deenergizing the 
synchro units associated with the control mecha
nisms. Each audio channel, comprising a relatively 
narrow band of frequencies, actuates a specific 
control in the missile.

The diagram in figure 6-104 illustrates a typical 
frequency-selective amplifier stage with audio fil
ter and relay control. This is one form of a tuned- 
grid amplifier.

The filter section is a combination of a series 
resonant circuit and a parallel resonant circuit 
with the constants so chosen that a relatively flat 
and narrow audio bandpass is obtained. A tapped 
input in the coil of the parallel resonant circuit 
gives the filter an overall voltage gain at resonance.

Under no-signal conditions, the positive bias on 
the cathode and the negative bias on the grid 
keep the tube cut off. The relay in the plate circuit 
is not energized. When an audio signal is received, 
it is increased in voltage by the action of the 
parallel resonant section of the filter. The signal 
then is applied to the grid of the triode tube. The 
high signal voltage on the grid of the triode over
comes the bias and causes the tube to conduct 
heavily. The plate current energizes the solenoid 
of the relay, causing the relay contacts to close.

A pulsating voltage tends to exist across the 
relay coil because of tube cutoff during the nega
tive swing of the audio signal cycle and because 
of the high plate current during the positive swing. 
This pulsating voltage is smoothed out by the 
filtering action of the plate bypass condenser. The 
filtering action makes the current through the relay 
solenoid relatively steady while the audio signal 
is being received. Several of these frequency selec
tive amplifiers may operate simultaneously in a 
well designed receiver.

Other amplifier circuits employed for frequency 
selection include:

♦ Tuned-plate frequency-selective.
♦ Tuned-plate tuned-grid.
♦ Tuned-cathode.
Each of these circuits is especially suitable for 

some specific application, but the primary function 
is the same. The primary function is the selection

TO CONTROL CIRCUIT
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Figure <5-705. 7vned-Plate Frequency-SeltcHve
Amplifier

and amplification of a particular band of audio
frequencies.

Tuned-Plate Frequency-Selective Ampli
fier. A tuned-plate frequency-selective amplifier 
is illustrated in figure 6-105. This circuit repre
sents a class C amplifier with its plate tank circuit 
tuned to resonance at the frequency desired for 
amplification. Typical values for components and 
plate supply voltage are shown in the diagram.

A positive voltage is applied to the cathode, 
for class C bias, through the voltage divider con
sisting of the 82K and 1500-ohm resistors. The 
audio signal is applied to the grid through the 
0.05 p.( coupling capacitor and developed across 
the 100K grid-leak resistor.

The output signal is inductively coupled to the 
next stage. The plate tank circuit, being tuned to 
resonance at the desired audiofrequency, selects

the frequency to be coupled to the succeeding 
stage. Amplification results from the action of the 
tuned circuit, the Mu of the tube, and the ratio 
of the transformer coupling.

Tuned-Plate T uned-Grid Amplifier; Fig
ure 6-106 illustrates a frequency-selective ampli
fier employing a tuned-plate tuned-grid circuit. 
The tanks are variable capacitors for tuning. The 
100K resistors across the tank circuits lower their 
Q and thus widen their bandpass. The 0.001 pi 
capacitor in the grid tank circuit keeps the grid 
below ground potential for automatic volume 
control (AVC). This circuit is most widely used 
in IF stages using IF transformers to couple the 
signal from one stage to the next. The RF energy 
coupled from the input coil is built up in voltage 
in the tuned circuit, L iC iR i. The voltage that 
appears across LiCi is applied to the grid Of the 
pentode which further amplifies it. A second 
resonant circuit, LaC.’Ri, is the load for the plate 
of the tube and offers high impedance because 
it is a parallel resonant circuit. The output is 
inductively coupled to L$. Most pentode tubes 
are designed to operate with the screen grid at a 
lower potential than the plate. A bypass capacitor 
is used to keep the screen grid at a steady poten
tial by passing to ground any signal that appears 
on the screen grid.

Tuned-Cathode Amplifier. Another widely 
used frequency-selective amplifier is the tuned- 
cathode amplifier, shown in figure 6-107. This 
frequency-selective amplifier, which has become 
widely used in radar and television RF and input 
IF stages, has the tuned circuit in the cathode and 
uses a resistive plate load. The signal is applied 
to the cathode.

In this circuit, the gain of the stage is less than

OUTPUT
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Figure d-107. Tuned-Cofhodo Grounded-Grid 
Amplifier

when the signal is applied to the control grid, but 
the loss of gain is compensated for by a reduction 
in noise level so that a less distorted signal is 
transferred to the following stage.

The network Ci and Li comprises the tuned 
circuit which amplifies only the frequency band 
to which it is tuned. The network Ra and Ca 
develops self-bias for the amplifier.

The above frequency-selective amplifiers are 
found in the amplifying units of many missile 
guidance systems. An amplifier having higis selec
tivity must be used in the missile to attain pre
cision control.

M illtr Integrators

Miller integrators are found in many radar 
pulse shaping circuits and in high-fidelity ampli
fiers using a large value of negative feedback to 
obtain linearity.

The Miller integrator shown in figure 6-108 
makes use of the amplified value of grid to plate 
capacitance (C t) to obtain a large effective value 
of input capacitance (Ca). This capacitance with 
the input resistance (R ) comprises the integrating 
circuit.

A pulse-shaping phantastron circuit, as shown 
in figure 6-109, uses the Miller-effect integrator 
circuitry, thus producing a positive pulse of vari
able width-to-code pulses of RF energy in pulse- 
width coded systems.
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The width of the output pulse is controlled by 
the setting of potentiometer R* Output is taken 
from the screen grid of V* which is a pentode con
nected in a phantastron circuit with its plate and 
grid connected by an RC network to function as 
u Miller integrator.

Input tube Vt receives the negative input pulse 
at its cathode through coupling capacitor C\. The 
signal leaves Vi as a negative trigger pulse and 
is applied to the grid of V* through capacitor C®. 
This trigger pulse initiates one cycle of the phun- 
tastron action.

The waveforms shown in conjunction with the

Figure 6-7 T0. Mixing Amplifier

circuit diagram illustrate how the circuit is ca
pable of converting a narrow negative input pulse 
into a positive output pulse of symmetrical form 
and variable width.

Miller integrating networks are also found in 
many applications, such as DC amplifiers, in 
which you want to produce a change in the output 
only alter a certain period of time.

Mixing Amplifiers

Mixing amplifiers are used whenever you de
sire to impress AC or RF pulses upon a varying 
DC signal, as in telemetering systems. Mixing 
amplifiers are also used to control amplification 
of correction voltages transmitted to the guidance 
and/or control system of guided missiles when 
you want to increase sensitivity of the guidance 
system as the missile approaches the target.

Figure 6-110 illustrates a mixing amplifier cir
cuit in which a decreasing positive voltage is ap
plied to the cathode of a variable Mu pentode. 
This produces the same effect as applying an 
increasing positive voltage on the grid. In either 
case the bias is decreased. Voltage across the 
tube will increase as the cathode bias is decreased, 
resulting in higher amplification and greater sen
sitivity of the circuit to correction signals.

Another mixing amplifier, as used in some tele
metering systems to combine from 2 to 16 fre
quency-modulated audio signals, is shown in fig
ure 6-111.

The 10K potentiometer acts as the master gain 
control for the circuit. The mixed signals are 
amplified in two RC coupled stages employing 
medium Mu triodes Vi and Va.

The cathode follower output stage Va provides 
a low impedance output. Negative feedback from 
the cathode follower output stage is applied to 
the cathode of Vi through a 10K resistor and a 
0.5 fzt capacitor in series. This reduces harmonic 
distortion to a low level.

An amplifier suitable for combining an RF sig
nal with an AF signal is shown in figure 6-112. 
Amplifiers of this type are commonly found in 
AM transmitters and in telemetering systems.

In this circuit, the audiofrequency signal is 
developed across the 470K resistor and the 500 
fifii capacitor. The radiofrequency signal is de
veloped across the 150-ohra resistor. No RF is 
seen across the 470K resistor since the reactance
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of the 500 fxfif capacitor is so low at radio fre
quencies i t 0,600 ohms at 30 kHz) that it by
passes the RF to ground.

The combined signal .is then applied to the grid 
of the pentode where it is amplified. A resistor 
( IK ) in the cathode circuit shunted by a 500 fx/xt

INPUT FROM AF .

Figure 6-111. Mixing Ampiifimr ux*d in Tcftmvhy OVeuff
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figure <5-113. Transistor Comma n-Caffioda-Col/acf or
Amplifier

capacitor provides self-bias. An inductive load is 
used in the plate circuit to develop the output 
signal which is taken from the plate.

Component values shown arc typical for the 
circuit as used in telemetering systems. They will 
vary in accordance with the range of RF and AF 
signals which are to be mixed.

The solid state transistor common-collector am
plifier may also be used to accomplish cathode 
follower operation, replacing the electron tube 
circuit. This circuit is shown in figure 6-113. The 
input signal is applied to the base and the output 
signal is taken from the emitter. Since the output 
emitter signal follows the input base signal in 
both phase and time, the transistor common- 
collector amplifier is also referred to as a transistor 
cathode follower.

The common-collector amplifier, like the com
mon-base and common-emitter amplifiers, can be 
biased with a single bias battery. The method used 
in obtaining forward bias for the base-emitter 
junction in figure 6-113 is a voltage divider network 
comprising resistors R l and R2. This arrangement 
provides the necessary forward bias across the 
base-emitter junction by making the base negative 
with respect to ground. If an NPN transistor were 
to be used instead of the PNP transistor, the 
polarity of the bias battery would have to be 
reversed, but the voltage phase relationship would 
be the same.

The input signal in figure 6-113 is applied be
tween base and ground. Since bypass capacitor 
C2 effectively places the collector at AC ground, 
the signal is actually being applied between base 
and collector.

The output signal is taken across the emitter 
load resistor, R3, which is between the emitter

and ground. The input impedance of the common- 
collector amplifier is very high, being 50K to 
100K ohms. The output impedance is very low, 
usually less than 100 ohms. The transistor 
common-collector amplifiers, like the electron-lube 
cathode follower, has a voltage gain of less than 1. 
Power gain is fairly good,

CONTROLLER UNITS

Relays find many applications in missile guid
ance systems as controller units. They provide 
a method for using relatively weak radio signals 
to switch on or off circuits in which large values 
of current are present to actuate control mecha
nisms.

In conjunction with a vacuum tube circuit,, the 
relay constitutes an electromechanical switch 
which is timed or delayed with respect to the 
actuating impulse.

Relays are employed in channel selector cir
cuits, arming circuits, and dive circuits. In these 
circuits, a certain sequence of operation must be 
initiated by a pulse or signal received from a 
command transmitter located at a ground station 
or from a voltage developed in an automatic navi
gation system within the missile.

A simple electronic-mechanical plate circuit 
relay is shown in figure 6-114. The circuit, with 
modifications to suit timing and power require
ments, might be employed in any of the previously 
mentioned applications.

The triode is biased to cutoff by a positive 
voltage applied to its cathode. When a signal is 
received, the grid is driven sufficiently positive ro 
overcome the fixed bias, and the tube conducts.

f/gura 6-J 14. Simple Relay-Closing Circuit
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Figure 6-11 5. Simple S»/oy-Op«rting Of curt

The plate current energizes relay solenoid Lj, 
causing the contacts to close.

If the input signal is of high frequency, the grid 
circuit of the tube should have low DC resistance 
so that when the grid goes positive and draws grid 
current, it will not develop a bias which would 
aid the fixed bios and prevent the tube from con
ducting. A choke (L i) is used in the grid circuit 
to provide high impedance to the signal and low 
DC resistance to grid current. ,

Figure 6-115 illustrates a circuit in which the 
relay is normally energized and in which a signal 
serves to cut off the plate current through the 
tube, This deenergizes the relay, permitting the 
contacts to open.

In this circuit, the cathode is biased with a 
negative voltage adjusted to maintain sufficient 
plate current to keep the relay closed under no
signal condition. When a signal is received, the

large resistance in the grid circuit develops a high 
bias, causing the tube to cease conducting. The 
relay contacts then open.

Figure 6-116 illustrates a relay circuit in which 
the opening or closing of the relay is delayed. This 
is done by means of a capacitor shunted across a 
high-resistance relay. ’

In case a delay in the releasing of the relay is 
desired, a high-resistance relay is shunted with a 
large value of capacitance, as shown in the figure.

When an input pulse is received, the relay 
closes, and at the same time the capacitor takes 
a charge. At the termination of the pulse, the 
capacitor discharges through the solenoid coil of 
the relay and keeps the contacts closed for a 
period of time. The period of time is determined 
by the resistance of the relay coil and the value 
of the capacitor.

II it is desired to delay the closing of the relay 
in the preceding example, a resistance is inserted 
in series with the pulse input as shown at the 
bottom of figure 6-116.

When the input pulse is received, a large volt
age drop occurs across R. Insufficient current 
flows through the solenoid coil to close the relay. 
As the charge on the capacitor approaches the 
value of the input voltage, current flow increases 
through the relay coil untl- it reaches a value 
sufficient to close the relay. The closing of the 
relay Is affected by the charging time of the RC 
circuit. If the resistance of the relay coil is low, 
the effect of the RC circuit is less appreciable.

DELAYED CL05ING RELAY------- ^  INPUT »  C =
LARGE

R
a V cV L.

PULSE INPUT _  - <
DELAYED RELEA5E RELAY ”  ■■■ ■■ »■  C A

LARGE *

o ------ _______________ r

F/gur# 6-116. Delayed Relay Circuit

L _ _________ __
RELAY
(H IGH-RESISTANCE TYPE)

RELAY
(H IG H -RESISTANCE TYPE)

6 76



T July 1972 AFM 52-31

Figure 6-1 17, Time-Delay Relay Circuit

A ligh-resistance relay should be used in this 
application.

Two of these delay-type relays (delay-open and 
delay-close) arc used in parallel for decoding a 
sequence of pulses.

A relay circuit suitable for application as an 
arming circuit or gyro-uncaging circuit is shown 
in ligure 6-117.

This circuit consists of an inertially operated 
set-back switch ($») and a triode tube (V i), It 
has a normally open relay for applying power to 
melt the fusible link (F ) in the arming mechanism 
or gyro cage, and it has an RC network and suit
able power sources.

The inertial switch (Si) is set to trip at the 
desired acceleration. This removes the cutoff bias 
from triode Vi after a time determined by the 
values of the RC components. Once the bias is 
removed, Vi conducts, closing relay Ki in its 
plate circuit. This completes the arming or uncag
ing circuit.

Normally Vi is biased to.cutoff by the positive 
28 volts on its cathode. As the inertial switch 
closes, the cathode is connected to the grid through 
R- and R3, rather than through the 28-volt power 
supply, removing the bias.

At the same time, R* still remains in the circuit 
between cathode and ground, providing self
bias which prevents excessive plate-current flow 
through Vi.

A time delay occurs between the closing of Si

and conduction of the tube. This delay is deter
mined by the charging time of capacitor Ci which 
must charge to a specific voltage before the tube 
can conduct.

The amount of time delay is determined by the 
adjustment of a variable resistor (Ra) which sets 
the time constant of the RC combination within 
the limits of its range of adjustment.

ACTUATOR UNITS

Servomotors are used in missile guidance sys
tems to operate controls such as variable capaci
tors, inductors, or potentiometers. These controls 
correct outputs of range, ground speed, and azi
muth circuits. The servosystem is designed to 
provide motor rotation in response to error signals 
from any two channels. The motor then drives 
the potentiometer or other correction device until 
outputs are balanced or until a null point is 
reached. When a null point is reached, the motor 
ceases to rotate and controls remain constant 
until another error signal is received. A simple cir
cuit illustrating this application of a servomotor 
is shown at the top of figure 6-118.

A servomotor is a reversible, adjustable speed 
motor. It is controlled in speed and direction of 
rotation by the phase anJ magnitude of an error 
voltage produced by variation or unbalance be
tween the outputs of two system channels. When
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INPUT FRO M  
O N E  C H AN NEL

INPUT FROM  
PARAPHASE  
AMPLIFIER

INPUT FRO M  o_  
S E C O N O  C H A N N E L

■ POTENTIOMETER

OUTPUT TO 
CONTRO LS

Figure d-J Ifl. Swvomofor' Activating UnHi

POTENTIOMETER

ihe missile is following the prc: ribed flight pat
tern, the outputs are equal in amplitude and 180* 
out of phase, canceling each other or producing a 
null output. Any variation in the output of either 
channel produces an output signal or error volt
age which causes the motor to rotate in the direc
tion determined by the polarity of the error 
voltage. The motor moves a potentiometer which 
regulates the amount of correction voltBge applied 
to the associated control circuit until a null or 
balanced condition is restored.

An analogous circuit employing a relay, and 
suitable for application with circuits having a 
pulse-form output, is illustrated at the bottom of 
figure 6-118.

When narrow pulses are received, the relay 
closes for short intervals on the make contact and, 
because of the long spacing between pulses, closes 
for longer time intervals on the break contact. 
If each contact were connected to the windings of 
a motor so that the make contact caused rotation 
in one-direction (forward) and the break contact 
caused rotation in the reverse direction, the motor 
would move in the reverse direction with the first 
command pulse. With the second command pulse, 
the motor would move in the forward direction.

If the pulses and spacings were equal, the motor 
would not move.

This circuit is used to decode certain types of 
command signals and to actuate compensating 
devices or controls.

FEEDBACK UNIT
»

Automatic gain control (AGC) is employed in 
superheterodyne receivers to maintain constant 
amplification in the RF and IF stages, regardless 
of variations in strength of the received signal. 
This constant amplification is accomplished by 
maintaining the correct bias voltages on each con
trolled stage.

If the received Signal is weak, no bias is applied 
to the RF stages. This permits the stages to oper
ate at their maximum degree of sensitivity. If the 
received signal is strong, it tends to overdrive the 
amplifiers, producing distortion and excessively 
high levels of noise-to-signal in the output.

if the RF stages were operated at maximum 
sensitivity at all times, the ratio of noise-to-signal 
might be so high that-the signal would be lost. The 
AGC system is designed to provide the highest
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possible signal-to-noisc ratio over the range of 
operating frequencies.

Deficiencies of most simple AGC systems are 
their inability to react quickly to rapid fluctu
ations in signal strength and their lack of stabil
ity when noise pulses arc present. The deficiencies 
arc particularly noticeable when the signal is in 
the form of pulses or is pulse-modulated.

In pulse transmission, the changes in signal 
strength arc rapid, and the duration of the pulse 
is short. The receiver is subject to noise impulses 
for a long time compared to the duration of the 
signal. The ratio of noise-to-signal in its output 
is high. To overcome these deficiencies as much 
as possible, keyed or gated AGC systems have 
been devised. In these systems, a synchronizing 
pulse is applied simultaneously with the received 
signal to a coincidence tube which gales or ener
gizes the circuit only for the duration of the signal 
pulse. This excludes the greater portion of the 
noise, and when the AGC voltage is developed, 
it is developed to a greater extent by the signal 
itself and to a lesser degree by noise. The AGC 
circuit can be designed so that no bias voltage 
is applied to the RF amplifiers until the signal 
reaches a certain level. Then the bias will be ap
plied only after the output has reached the desired 
level.

There are many methods by which AGC volt
age is developed and applied, but only one meth

od suitable for use in radar receivers is presented 
here.

Figure 6-119 illustrates a gating system in 
which the RF signal is detected in a crystal de
tector and then applied to the control grid of a 
coincidence (gating) tube. This tube has sufficient 
negative bias applied to both its control grid and 
suppressor grid to prevent the tube from conduct
ing as a result of the presence of a postive pulse 
on either grid alone. The tube will conduct when
ever positive pulses appear simultaneously on 
both grids. The tube conducts for the duration 
of a signal if a positive synchronizing pulse, gen
erated at the same PRF as that of the radar trans
mitter, is applied to the suppressor grid of the 
coincidence tube (V i) at the same instant that the 
signal pulse appears at the control grid. The gated 
signal is applied to the control grid of an ampli
fier (V i). As the cathode current varies with the 
signal voltage, the voltage across the cathode re
sistor rises and falls proportionally to the varia
tions of signal amplitude. Suitable AGC voltage 
is picked off by tapping this resistor so that the 
desired amount of AGC voltage is obtained by, 
any signal level within the limitations of the cir
cuit. By using potentiometers to set the bias level 
of the coincidence tube and to regulate the cath
ode voltage to the amplifier stage, the amount of 
AGC voltage applied to the RF stages is selected. 
This produces the desired degree of sensitivity in

F/flur# 6- 1J9. Gating Circuit applying AGC to RF Stage* for Duration of Signal only
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the RF stages when the signal is present and per
mits a condition of maximum sensitivity between
signal pulses.

%

PRESENTATIONS AHEAD

This brief coverage of amplifier, controller, 
actuator, and feedback units rounds out the con
sideration of the missile guidance system com
ponents. For explanatory purposes, most of the

circuits covered are olectron-tubc circuits. The 
state of the art may now include all solid state 
devices with transistorized circuits, modules, and 
new integrated circuits.

To this point, the text has emphasized the in
dividual functions of control and guidance system 
components. The next chapter begins a study of 
guided missile control systems. And then, after 
covering several types of control systems, the 
manual introduces you to missile guidance sys
tems.
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Guided Missile Control Systems

This chapter covers different types of control 
systems which are typical of those in the missile 
field. No attempt is made to explain every missile 
control system. Such an attempt would result in 
much repetition since all control systems have 
many similarities.

After studying this chapter you should be able 
to take any control system with which you come 
in contact and closely relate it to some system in 
this manual. This will enable you to analyze the 
operation of a new system with a minimum of 
time and effort.

A knowledge of the operation of a system with 
which you are involved will help you to under
stand not only how a certain procedure is per
formed but why. Such knowledge will increase 
your confidence and interest in your missile work 
and will enable you to learn other jobs more 
rapidly.

Numerous operations on missile equipment are 
required from the time a missile is manufactured 
until it is fired. Assembly, test, and firing proce
dures for the control, propulsion, guidance, and 
launching systems must be closely coordinated. 
Knowledge of systems operation will enable you 
to understand what part each job plays in the 
launching of a missile.

In this chapter, four common types of control 
systems—electric, hydraulic-electric, pneumatic, 
and f>neumalic-electric—arc presented. Details of 
individual components are contained in chapter 5.

A CONTROL SYSTEM DEFINED

A control system consists of interconnected 
components which control the missile so that it

will maintain a selected heading and attitude in 
flight. A clear cut distinction is difficult to make 
between flight control and guidance of a missile, 
since both components are actually part of in 
integrated system for automatically directing ,ie 
missile along its intended flight path. Generally, 
a control system is intended to provide smooth, 
stable flight, but it docs not know where to direct 
the missile. The guidance system provides the 
location information necessary to direct the missile 
to the desired target. The guidance system func
tions through the control system to direct the 
missile on a desired course. This necessitates close 
tie-ins between the two systems. The same control 
system may be used with different types of guid
ance systems. This fact makes a division between 
control and guidance logical for most types of 
missiles.

REQUIREMENTS OF A CONTROL SYSTEM

A missile control system does a complex job. 
The control function maintains a missile in a 
stable, smooth flight condition regardless of out
side disturbances. In a piloted aircraft this job is 
normally performed by a human pilot. The prob
lems attendant on stable flight arc explained in 
chapter 2, dealing with aerodynamics.

Many human activities are highly complicated. 
Little is known today as to exactly what happens 
in the human mind and body when people arc 
engaged in activities such as flying an aircraft, 
driving a car, or even picking up a pencil. Experts 
agree (hat our mental and physical processes are 
highly complex. The duplication of certain func
tions by means of automatic systems is also com
plicated.
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Flying an aircraft is a complex human activity, 
and it certainly requires an extensive design tech
nique to create a system which will replace a 
human under all (light conditions. Systems for 
controlling aircraft were developed before the 
need came about for systems for controlling mis
siles. Aircraft autopilot components were modified 
and adapted for use as control systems in some 
early missiles. As missile speeds and accelerations 
increased, control systems with faster response 
times were also developed.

To analyze what a control system must do is 
not difficult. First, it must have a means of sens
ing when the missile is deviating from the desired 
flight conditions. The deviation may be in attitude, 
altitude, or speed.

Second, the system must be able to distinguish 
in what manner the missile is deviating from the 
desired flight conditions. A measure of the devia
tion, called the "error,” is sensed and measured 
by one of the systems components, a sensor. The 
sensor determines the magnitude (amount) and 
sense of the error. Sense as used here means the 
sensor provides an output as to whether the error 
is to the right or left, up or down, plus or minus, 
etc., from the desired flight condition. The output 
of the sensor is referred to as the "error signal.”

After the error has been detected, it must be 
relayed to the controls and a correction must be 
performed. This means the system must operate 
the control surface or device.

To operate the control device properly, modi
fication of the error signal may be necessary to 
represent additional information. The signal must 
also be amplified so it has enough power to operate 
the control device.

The control system must produce a correction 
signal without a long delay after the error signal 
is generated. The period of delay is known as the 
response time of the system.

After the control devices begin to move, the 
control system still has not completed its job. 
During the entire period of missile correction, the 
system must continually detect instantaneous mis
sile errors and make constant corrections so the 
missile can maintain a smooth flight. In most sys
tems the speed, or rate, of deviation is also de
tected and taken into consideration when correc
tions are made.

TYPES OF CONTROL SYSTEMS

There arc four methods commonly used for 
aerodynamic control of missiles. They arc aerody
namic control surfaces, jet vanes, movable jets, 
and fixed steer in if jets. These controls arc ex
plained in detail in chapter 2.

When using control surfaces, jet vanes, and 
movable jets, the control system deflects these 
devices to change the effects of the forces acting 
on the missile. With fixed steering jets, the missile 
is controlled by varying the thrust from each jet. 
The rate or time of burning can be controlled by 
valves.

Control systems are not classified by the type 
of control device, but rather by the method used 
to move these devices, The four methods used for 
producing this motion are ( l )  hydraulic, (2) 
pneumatic, (3) electrical, or (4) mechanical. The 
type of control system, then, is determined by 
whichever method or combination of methods is 
used to actuate the control surfaces or devices.

The selection of the control system depends on 
factors such as speed, size, altitude, range, and 
weight of the missile. Incidental factors such as 
the preference of the engineering people designing 
the system and the preference of the user may also 
influence the selection. The economy of using off- 
the-shelf items as opposed to the cost of engineer
ing new equipment also influences the selection of 
a type of control system.

CONTROL-SYSTEM POWER SOURCES

Energy is required to operate missile control 
devices whether they are aerodynamic surfaces, 
movable jets, or fixed steering jets. The energy 
to operate a control system must come from within 
the missile and ordinarily is supplied by one of 
three sources: the missile engine, an auxiliary 
engine, or a battery.

Energy from Mlstihi Engine

One common source of energy is the missile 
propulsion system. Two methods of deriving en
ergy from this source are illustrated in figure 7-1, 
If a turbojet or gas turbine engine is used to 
propel the missile, a generator may be mechani
cally connected to the turbine to provide clec-
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Figure 7-1. Two of Obtaining Power
from Energy of Fuel

trical power. Similarly, a hydraulic pump may be 
connected to the turbine to provide hydraulic 
pressure. This is a very practical method of de
veloping control power and uses part of the mis
sile thrust power and fuel. This system can produce 
a comparatively large amount of power for the 
control system.

Energy From Auxiliary Engine

A small auxiliary engine, using the missile 
propellant fuel, may be used to drive a generator 
or hydraulic pump directly.

A variation of this system often used on large 
missiles is the gas generator. This generator uses 
its own fuel, which may be a chemical such as 
hydrogen peroxide. A gas generator is ordinarily 
a high output, short duration device. The time of 
operation is limited by the amount of fuel carried. 
Such a power generator is normally used on mis
siles having a relatively short llight duration.

Stored Energy

Storage batteries are a possible source of electri

cal energy where the requirement for large amounts 
of power arc of short duration.

Another source of stored energy is compressed 
air or gas stored in containers on hoard. These 
gases usually provide the power indirectly by driv
ing a small turbine and function like the gas gen
erator mentioned previously.

Now consider the specific types of control sys
tems. The following section covers hydraulic-elec
tric systems.

S E C T I O N  A

H y d r a u l i c - E l e c t r i c  C o n t r o l  S y s t e m s

The hydraulic-electric system is the most com
monly used control system in guided missiles. 
Everything in the hydraulic-electric system is elec
trical except the controller and actuator. The ac
tuators are moved by hydraulic fluid; and since 
fluid is nearly incompressible, the hydraulic actu
ator has a very fast reaction time.

A completely hydraulic system is not feasible; 
in fact, sensing units which operate hydraulically 
are nonexistent. The use of a computer which 
operates by hydraulics would be limited by lack 
of flexibility in performance and design.

In a hydraulic-electric system, hydraulic pres
sure is maintained by a continuously operated 
pump. As the fluid is used over and over again, 
the operating time of the system is unlimited. This 
makes the system well suited for use in long range 
missiles.

Gyros are used as an attitude reference for the 
missile. Electrical pickoffs sense any deviations 
of the missile in relation to the gyro reference. The 
signals are computed and amplified electrically. 
The amplified signals operate the controller which 
is a hydraulic transfer valve. The controller regu
lates the amount and direction of fluid flow to the 
actuator.

ADVANTAGES AND DISADVANTAGES

The most important advantages of a hydraulic- 
electric control system arc the rapid response to 
error signals and the large amount of force avail
able when using hydraulic actuators.

A sensor and computer which operate electron
ically can be designed to produce an output of
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the correct form for any error which the missile 
may acquire in flight. A signal of correct form is 
one which, at all times, is of the proper amplitude 
and phase to produce actuator movement which 
results in the required correction. Couple this 
electrical signal to a rapid actuator, which responds 
to signals the correct amount regardless of imped
ing forces on the control surfaces, and the result 
is nearly an ideal system.

A disadvantage of this system is the need for 
two power sources: electric and hydraulic. This 
requires maintenance, assembly, and checkout per
sonnel trained for electrical and electronic systems 
in addition to personnel trained in hydraulic sys
tems. There is also the problem of supplying not 
only electrical parts but also hydraulic parts and 
lest equipment. Of course, these disadvantages 
exist in any combination type control system, and 
they are, in reality, minor disadvantages when 
compared to the advantages.

One must view the guided missile field with a 
broad outlook, keeping in mind that a system 
which is ideal for one missile may not be satis
factory for another.

CONTROL SYSTEM CHANNELS

There are three distinct channels of control in 4 
hydraulic-electric systems for providing control of 
the missile about the three axes. These channels 
are referred to as roll, pitch, and yaw. The follow

ing paragraphs consider each of these systems 
separately.

Roll Control

A hydraulic-electric system used to correct for 
missile roll is shown in figure 7-2. This system is 
simple and is used on a missile that is aerodynam- 
ically stable in the roll axis and docs not have a 
tendency to roll excessively.

The system illustrates proportional control only. 
It reacts to information which tells the amount 
of deviation of the missile from level flight. To do 
this, the signal is proportional to the deviation and 
is called a displacement signal. In this particular 
system, rate control is not included. Rate action is 
explained in a later section.

Note that the components can be closely related 
to the basic control block diagram presented in 
chapter 5. The gyro acts as a reference for the 
system. The selsyn is connected to the gyro and 
senses any roll of the missile. If roll is detected, 
the selsyn produces an error signal proportional 
to the amount of roll. This error signal applied to 
the servoamplifier is the difference between the 
followup signal and the gyro signal. This error 
signal is amplified to increase its power so that it 
can operate the controller. The controller is a 
hydraulic transfer valve which regulates the flow 
of fluid to the actuator piston which moves the 
control surface.
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Any difference between the actual and desired 
position of the missile in relation to the displace
ment gyro produces the required control surface 
movement. This action produces a corrective 
movement of the missile which allects the rela
tionship of the reference units and the missile. 
This action is represented by the block, Missile 
Aerodynamics, in the illustration, and the dotted 
connecting line which completes the servo loop.

Now is a good time to explain some commonly 
used symbols which you will see from time to time 
in illustrations in this and following chapter*. 
These symbols, representing certain operations in 
the system, are used to explain system functions.

The circle enclosing an “X” indicates a connec
tion or mixing circuit for several signals. Signals 
arc added if the circle contains a plus sign. The 
output signal is the sum of several inputs. If the 
circle contains a minus sign, the resulting signal 
is the difference between the input signals. A 
triangle amplifier symbol forms an arrowhead 
which always points in the direction of the out
put. A followup generator may be any pickotf 
which detects position such as a sclsyn, potentiom
eter, or reluctance pickoff.

The block labeled fitter represents a generator 
or oscillator which provides a small AC signal of 
approximately 25 Hertz. This jitter signal keeps 
the transfer valve constantly vibrating as an aid to

overcome friction and to make movement of the 
controls smoother.

Pitch Control

A hydraulic-clcctric system for pitch control is 
illustrated in figure 7-3. In this system a gyro and 
selsyn are again used as the reference and sensor 
units for changes in pitch attitude. The error signal 
is put through several preamplifiers to strengthen 
a weak selsyn signal before it is fed to the demodu
lator or servoamplifier input. Part of the propor
tional error is fed to the computer, and the rest is 
fed directly to the servoamplifier. The servoampli
fier increases the power of the selsyn signal to the 
point at which the signal can operate the transfer 
valve solenoids.

The transfer valve controls hydraulic fluid to 
the actuator which moves the control surface. The 
control surface affects the attitude and changes the 
relationship of the gyro and missile as indicated 
by the dotted airframe dynamics feedback loop.

The dynamic loop, when combined with the 
followup signal, completes the proportional con
trol. This particular system includes rate control. 
Rather than using a separate rate gyro, the dis
placement signal is modified by the computer 
which changes it to a rate-of-change signal. The 
displacement signal and the rate-of-change signal 
are combined at the input of the servo-amplifier.

Figure 7-3. Pitch Hydraulic-Electric Systnm
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Figure 7-4 illustrates the effect of combining rate 
and displacement signals.

Assume tne missile nose begins to raise. The 
displacement gyro senses the movement and the 
selsyn generates an error or displacement signal 
as illustrated in the top part of figure 7-4. Part 
of this signal is routed to the rate circuit (indi
cated by the white area in figure 7-4 top). These 
two signals are combined at the servo-amplifier. 
As shown in the bottom drawing of figure 7*4, you 
can see that the rate signal supports the displace
ment signal at this time. Increasing the corrective 
action taken by the system. When the missile has 
deviated as far as it is going to, you will note that 
the rate signal returns to zero and the total rate 
and displacement signals arc now equal to the dis
placement signal only.

Now consider the missile nose swinging down 
again toward normal level flight attitude. The dis
placement signal is decreasing and the rate-of- 
change signal from the computer has changed 
phase.. This signal is now opposing the error sig
nal, causing a decrease in the resulting corrective 
signal. Referring to the bottom of figure 7-4, you 
can see that the combined rate and displacement 
signals are now less than the displacement signal 
alone. As the missile nose approaches level, the 
two signals cancel out and cause the missile 
smoothly to assume level flight. Without the rate 
signal, the nose would continue to drop until the 
opposite going error signal initiated corrective 
action and caused the nose to raise again. This 
action would continue through several oscillations, 
being referred to as hunting.

One servoamplifier input in figure 7-3 provides 
for injection of another signal into the control 
system. This signal may be a pitch guidance sig
nal or a preset signal which causes the missile 
to climb immediately after the launch phase,

A guidance signal is necessary in .all types of 
missiles where directional information leading to 
target interception is required. These signals can 
originate from one of many types of guidance sys
tems such as command, beam rider, inertial, or 
homing. The gyro and guidance signals operate 
together in the control system. The gyro gives 
stability while the guidance signal provides direc
tion or corrections to the gyro heading.

Yaw Control

Figure 7-5 illustrates the yaw control loop of 
a hydraulic-electric control system. The yaw sta
bilization loop is similar to the other two loops 
except for the addition of integral control. A 
reluctance pickoff produces a signal proportional 
to the angular displacement of the missile with 
respect to a directional gyro sensor. This signal 
has three paths to the servoamplifier. The top 
path provides the proportional signal; the middle 
path, rate control; and the lower path, integral 
control. These signals combine at the servoamp
lifier to provide the desired correction signal no 
matter how far, how fast, or how long the missile 
deviates from the desired heading. Guidance sig
nals may be injected at either of the two points 
indicated on figure 7-5..
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Figure 7-5. Yow Hydraulic-Electric System

INTEGRATOR ACTION

The purpose of the integrator circuit is to de
tect an error of a certain phase that has existed 
for an extended period of time! This detecting is 
done by reproducing an output which is propor
tional both to the amplitude of the error and to 
the length of time that the error exists. The inte
grator actually accumulates the error signal. This 
integrated signal is mixed with the other error 
signals at the scrvoamplifier.

In figure 7-5 you can see that the signals enter
ing the yaw servoamplifier are the displacement, 
ratc-of-change; and the accumulated or integrated 
error signals. The integrator functions in the sys
tem are as follows: Assume that the missile is 
blown off course by a strong crosswind and the 
error is so great that the control system response 
is insufficient for complete corrective action. The 
integrator responds to this error and after a period 
of time produces a signal large enough to cause 
complete correction of the yaw error. The inte
grator signal aids the proportional displacement 
signal to overcome an error that exists for a period 
of time. The integrator circuit does not respond 
to rapidly changing error signals.

CHANNEL INTERCONNECTION

Most control systems have some type of chan
nel interconnection. Interconnection of channels 
is always necessary when the control device must 
control the missile in more than one axis of move
ment. An example of this is the use of ruddervators 
which control both pitch and yaw. So far, ref
erences have been made to aerodynamic control 
surfaces. System principles are much the same 
regardless of whether control surfaces, movable 
jets, or fixed steering jets are used. Movable jet 
control is most likely to use channel interconnec
tion and is used here as an example.

To obtain full control in all three axes of move
ment, at least two movable (gimballed) jets must 
be used. Such a system is illustrated in figure 7-6. 
As shown here, control in all three axes is possible. 
The jets move in any direction and each jet 
responds to signals from any of the three channels. 
Consider a system having four movable jets. Each 
of these jets moves back and forth in only one 
plane. Two jets are used for pitch and the other 
two for yaw. All four jets are used to provide roll 
control. The roll channel must be connected to 
both the yaw and pitch channels, a condition which 
introduces channel interconnection.
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Hydraulic Interconnection

Two methods of interconnecting the roll chan
nel with the yaw and pilch channels are con
sidered; one hydraulic and the other electrical. 
The hydraulic method, shown in figure 7-7, uses 
three normal control channels up to the hydraulic 
actuators. At this point the three transfer valves 
uc used to move four jets. Differential movement 
of the jets is accomplished by interconnecting four 
hydraulic actuators.

In the figure, a certain fluid output from each 
transfer valve is assumed. The cylinders contain 
fluid on both sides of the pistons. To simplify the 
explanation, the side representing high pressure 
is shaded in color. Note that the cylinders can 
also move. The arrows indicate either fluid, cylin
der movement, or jet movement depending on the 
location of the arrow.

The interconnection of the system can be under
stood by assuming displacement of each transfer 
valve individually and then following the resulting 
flow of hydraulic fluid through the cylinders to 
determine the jet movement. Movement of the jet 
linkage to the right produces a clockwise move
ment of the jet nozzles as shown in the drawing 
representing a rear view of the missile.

In the pitch channel the fluid flow will result 
in movement of the nozzle of jet 4 clockwise and 
jet 2 counterclockwise. This action tilts both jets 
upward and produces a nose-up movement of the 
missile. As both cylinders are the same size, they 
have equal displacement and both nozzles move 
the same distance.

In the yaw channel* fluid flow results in move
ment of jet l clockwise and jet 3 counterclock

wise. This causes both jets to move to the right, 
producing a turn to the right.

Movement of the roll master cylinder produces 
movement of all the jet pistons. In this case 
differential action is produced as one of the pitch 
jets moves down and the other up, and one of 
the yaw jets moves to the right and the other to 
the left. The missile will roll clockwise. There is 
no pitch or yaw movement, yet each jet is aiding 
the roll movement of the missile.

While roll action is occurring, there is nothing 
preventing the pitch and yaw channels from pro
ducing corrections at the same time. The yaw and 
pitch channels can either aid or counteract the roll 
action of each cylinder to produce the required 
jet positions to causo changes in the yaw and pitch 
attitude of the missile.

With this type of channel interconnection, fol
lowup signals must indicate the relative displace
ment of each channel piston rather than the nozzle 
displacement. If the followup signal were con
nected to the actuator linkage, it would indicate 
the result of two channels simultaneously. .

Electrical Interconnection

The second method of interconnecting channels 
is by electrical means. As shown in figure 7-8, the 
interconnections are made just prior to the servo- 
amplifiers. The electrical distribution is made at 
the output of the three channel amplifiers. These 
amplifiers are double-ended and produce two out
puts 180° out of phase. The pitch signal again 
affects jets 4 and 2 by feeding into the respective 
servoamplifiers. If you assume that a signal of a 
certain phase causes clockwise movement of all
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the jets, ihcn ihe signal to jets 4 and 2 must be of 
opposite phase for pitch control. The double- 
ended amplifiers produce the out-of-phase signals. 
The yaw signal feeds into the other two servo- 
amplifiers in the same way. The roll signal feeds 
into all four servoamplifiers, since it must operate 
all four actuators.

Rate and integral control are included in this 
system. You can see on the figure that the rate 
signals are obtained from gyros, and integral con
trol is obtained from variable speed integrators fed 
by the displacement gyros. Differential selsyns are 
used to mix information from the displacement, 
rate, integral, and followup selsyn generators.

The system has several followup loops. In each 
case, actuator position information is fed back to 
the input of the respective servoamplifier. The 
followup signal produces jet movement that is 
proportional to the servoamplifier input. Actuator 
position information is fed back to two of the 
three control channels. This feedback is necessary 
because each actuator has an effect on the missile 
in two axes. The roll channel has followup signals, 
since each actuator affects the missile in roll. The 
combination of actuator signals to any channel 
produces a signal which represents the true follow
up for that channel.

SECTION  B 
Pneumatic and  

Pneumatic-Electrical Systems

There have been several missiles that used pneu
matic or a combination of pneumatic-electric con
trol systems. The systems are very similar to the 
hydraulic operated control systems. The major 
difference is the use of air pressure instead of 
fluid as the activating medium. Some of the sys
tems even use air to drive the gyros and for pickoff 
and relay functions.

Figure 7-9 is a block diagram of a pneumatic 
control system. You will notice that the reference 
unit, as in the hydraulic system, is a displacement 
gyro. In place of selsyns, this system uses air pick- 
olfs as sensors. Air relays are used to control the 
servoamplifiers which are also air activated. The 
servos control the control actuators which are 
operated by air pressure and move the control 
surfaces.

Referring to figure 7-10, you can associate the 
pictorial representation of the gyros, pickoffs, re
lays, and controller-actuator units that are depicted 
in the block diagram. There is no electrical cir
cuitry associated with this .system.

A combination of pneumatics and electronics is 
illustrated in the block diagram of figure 7-11. 
The actuators and controllers arc operated by air 
pressure while the reference, sensor, and ampli
fier sections are electronic.

The pneumatic and pneumatic-electric control 
system has some decided disadvantages. The range 
of the missile is limited by the amount of air that 
can be stored and carried by the missile. This fact 
restricts the missile to a relatively short range. The 
response time of a pneumatic system is not as rapid 
as with a hydraulic system. This is because of the 
compressibility of air. Because of these disad
vantages, pneumau'c control systems have not had 
the success of electrical and hydraulic systems, and 
present day missiles all use either electrical, hy
draulic, or a combination of the two systems.

SECTION C
Ballistic Missile Control System

A ballistic missile is essentially a large cylinder 
with a thrust device on one end. Such a device is 
inherently unstable. Uncompensated disturbing 
factors cause unrestricted rotational motion. Acro- 
dynamically, the center of pressure lies ahead of 
the center of gravity. To complicate this situation, 
a ballistic missile is ordinarily subject to disturbing 
forces during flight, such as propellant slosh, mis
sile airframe flexing, and vibrations caused by 
engine gimbailing. The result is an unstable object 
which is agitated by flight conditions and, there
fore, presents a serious control problem.

Various methods are employed to stabilize a 
ballistic missile. Spin stabilization can be achieved 
by giving the missile a large axial angular momen
tum, or external fins can be used for aerodynamic 
stability.

You may think of a ballistic missile control 
system as having two parts: ope which measures 
missile attitude, compares it with an established 
reference, and computes signals for proper thrust 
direction; a second which changes the thrust vector 
in accordance with the computed signals. The first
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group of functions is the autopilot and the second 
the thrust vector control. Figure 7-12 is a block 
diagram of a typical ballistic missile control system.

A control system has several functions. During 
the initial portion of flight, its programmer feeds 
attitude reference signals into the system. These 
inputs are preplanned and based on studies of the 
dynamics of the missile, the aerodynamic forces 
expected, and the desired course the missile is to 
11 y during the first part of its flight. Measurements 
of actual missile attitude made by the rate and 
displacement gyros are compared with the attitude 
references from the programmer. The difference 
between the two is sent as a corrective signal to 
the actuation system. This changes the direction 
of the missile thrust by gimbailing the engine, pro
viding a compensating, stabilizing torque. This is 
a closed loop and the true deflection of the engine 
is compared with the deflection called for, and 
any error is detected and sent back through the

system for further corrective action. On most 
ballistic missiles, the actuation system consists of 
hydraulic valves and actuators.

In addition to providing stability, the control 
system provides the missile with a type of pro
grammed guidance during the initial period of 
flight. By holding the missile altitude to established 
references, the control system can maneuver the 
missile by changing the references according to a 
preplanned schedule. These maneuvers, which may 
include a roll program, a transition turn, and a 
gravity turn, are achieved by establishing appro
priate reference attitudes as a function of time in 
the programmer. The programmer provides se
quenced signals to the gyro torquers, and these 
determine the desired reference attitudes for the 
desired maneuvers.

Finally, the control system provides responses 
to guidance commands and, in the later portions 
of its flight, enables the missile to follow the com
mands initiated by the guidance system.
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Figure 7-12. Typical Ballhfic Missile Control System

We begin examination of the control system by 
considering the part of it to which the programmed 
.did computed signals are sent— the thrust vector 
control.

THRUST VECTOR CONTROL

The thrust vector of a missile can be controlled 
by (a) changing its direction and (b) cutting it 
off. Liquid-propelled rockets present entirely dif
ferent problems from solid propellant rockets in 
achieving thrust control.

Thrust Direction of Liquid Propellant Engines

The most common method of deflecting the 
thrust vector of a liquid propellant rocket is by 
swiveling the thrust chamber. There are many 
problems inherent in this type of control. The 
thrust chamber is mounted in gimbals and the pro
pellants must be routed through high pressure 
hoses or the gimbal bearings. Either method intro
duces the possibility of fuel leaks.

To provide thrust vector control around all three 
axes of rotation, at least two thrust chambers are 
necessary. Figure 7-13 illlustxates a ballistic mis
sile using the two booster engine thrust chambers 
for thrust vector control during the launch and 
boost phase of the flight. During the later part of 
the flight while the missile is in the extreme high

altitude, the small vernier engines on the sides of 
the missile provide attitude control.

Figure 7-14 is a closer view of the thrust cham
bers and illustrates the complexity of the piping 
necessary to feed propellants to gimballed cham
bers.

Thrust Direction of Solid Propellant Engine*

In most solid propellant engines, the thrust 
chamber is a large percentage of the mass of the 
missile which makes gimballing the chamber im
practical. Some solid propellant missiles use a 
swiveling nozzle for thrust vector control.

An early approach to vector control of solid 
propellant missiles was the use of control surfaces 
(called jet vanes) placed in the rocket exhaust 
stream.

Jet vanes have not proven to be an effective 
method of ontrol. Vanes in the exhaust stream 
cause perturbances and result in loss of thrust. 
They do not have linear characteristics at large 
deflection angles. As new solid propellants have 
been developed, new compounds, such as alumi
num, have been added. These additives are not 
compatible with jet vanes and cause buildup of 
slags or erosion of the vanes, either one of which 
changes their control characteristics.

Another means of control that has been used is 
external control surfaces or fins. These have not 
been effective immediately after liftoff nor are they
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useful under atmospheric conditions which ap
proach a vacuum. Some other type of control must 
be used in conjunction with fins to provide ade
quate response under various flight conditions.

Some of the latest developments in the control 
of large ballistic missiles are exemplified in the 
LGM-30 Minuteman. The Minutcman is a 3-stage 
solid propellant missile. Stages I and III use con
trol systems with only slight differences. Stage II 
uses a system entirely different from the other two.

Attitude control of stages I and III is accom
plished by swiveling the exhaust nozzles (four on

each stage). An electrohydraulic package is used 
to swivel the nozzles to provide pitch, yaw, and 
roll movement about the missile axes. An angular 
accelerometer unit senses accelerations about the 
pitch and yaw axes of the missile. These move
ments are measured as pitch and yaw angular rates 
and transmitted as signals to a computer. The com
puter analyzes and compares these signals with 
data stored in its memory in order to apply limits 
to the angular velocity of the missile during stages 
I and III firing periods. This action prevents the 
missile from exceeding accelerations that could
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cause structural failure. The output of the com
piler is applied to the exhaust nozzle control ser- 
voumplifier. The four computer correction com
mands are pitch plus roll, pitch minus roll, yaw 
plus roll, and yaw minus roll. Thrust vector control 
of the four nozzles is performed by an amplifier 
assembly and an exhaust nozzle control servo- 
control loop. The nozzles are moved to the re
quired positions by four hydraulic servocylindcrs, 
each of which is attached through linkage to a noz
zle. When the nozzle control receives a correction 
command from the computer, the servocylinder 
moves a discrete distance, dependent on the de
gree of correction, ihereby moving the nozzle. This 
movement provides a change in the thrust vector 
causing the missile to change its attitude position.

Stage III is controlled in the same manner as 
stage I. This stage is much smaller than stage 1 
and does not depend on its control functions until 
the missile has reached an extremely high altitude. 
The control system of stage III is much smaller 
than the system for stage I. As an example, stage

* III hydraulic pressure is only 1500 psi as compared 
to 3000 psi for stage I.

Thrust vector control of stage II is completely 
different than for the other two stages. Stage II 
has only one nozzle and control is accomplished 
by the release of liquid freon into the exhaust noz
zle through four freon injector actuators (two yaw 
and two pitch injectors) which are mounted ra
dially around the motor exhaust cone. This system 
is known as Liquid Injection Thrust Vector Con
trol (LITV). Figure 7-15 illustrates the stage 
II nozzle and shows the location of the injector 
ports and the freon tank. The injector actuator re
sponds to commands from the guidance computer 
and amplifier.

When the attitude control injector receives a 
command (yaw for example), the yaw freon in
jector actuator unit lifts a pintle valve allowing 
liquid freon under pressure to flow into the exhaust 
gases and causes a change in thrust direction that 
causes the missile to correct its yaw attitude posi
tion. The direction of correction required deter
mines which of the two yaw freon injectors func-
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Figure 7-T5. N o « /a  Configuration (UTV control)

tioas. A pitch error will cause a like operation in 
the pitch channel and will activate one of the pitch 
freon injectors to cause missile attitude correction. 
Figure 7-16 shows the positions of the freon in
jector actuators around the nozzle and the loca
tion of the freon pressure generator.

Figure 7-16 shows a roll gas generator and two 
roll control exhaust ports on each side of the mis
sile. It is through this system that roll control of 
stage II is accomplished. When the stage II is first 
activated, exhaust gases from the roll gas generator 
are exhausted through the four gas jets. The jets 
are In neutral or null position and thrust is gen
erated in equal and opposite directions. When 
missile roll is required, commands from the com
puter are fed through an amplifier assembly to the 
roll control assembly. Roll control solenoids 
move the gas jets from their null position and po
sition them in opposite directions, causing unequal 
roll thrust to be generated. When the roll correc
tion has been made, the solenoids are deactivated 
and the nozzles return to the null position.

IB©-

figure 7-16. Attitude Control fnfodor Orientation
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THRUST CUTOFF CONTROL

In both liquid and solid propellant rockets, pre
cise thrust cutoff control is important to the ac
curacy of the mission. Very small errors in the 
I'mal velocity of the missile will result in large in
accuracies at impact. This problem is complicated 
by the fact that there is a period of thrust decay 
after engine cutoff is signaled. This results in a 
gradual decay of engine impulse rather than a 
sharp cutoff.

Because of the uncertainty about the extent of 
the impulse after the main engine cutoff signal, 
verniers are normally used to adjust final velocity. 
Verniers may be small rocket engines or they may 
be gas jets. The impulse of vernier engines is much 
smaller than the thrust of the main engine and 
very discrete thrust velocity adjustments can be 
made with them. Verniers are sometimes used for 
controlling missile roll during main engine opera
tion as is the case with the second stage of the 
Minuteman missile. They are always used for roll, 
pitch, and yaw adjustments when used after main 
engine cutoff.

Liquid Propellant Engines

Thrust cutoff on liquid propellant engines is ac
complished by closing valves to stop the flow of 
fuel and oxidizer into the combustion chamber. 
The accurate timing of the operation of the fuel 
and oxidizer cutoff valves is very important to the 
accuracy of the missile impact. In the case of a 
satellite or space probe, precise cutoff of the engine, 
is necessary for the space vehicle to attain its pro
grammed orbit. Ordinarily the engine cutoff signal 
is initiated from the computer.

During the time of flight of the missile, the guid
ance system continuously feeds course data to the 
flight control system and the computer stores and 
compares these data with the programmed infor
mation pertaining to missile location in respect 
to target location. At the proper point in time and 
space, the computer initiates a cutoff signal. This 
signal is amplified and energizes a solenoid that 
closes the fuel and oxidizer cutoff valves. As the 
main engine shuts down, the computer calculates 
the exact location and attitude of the missile and 
generates signals necessary to make the fine adjust
ments necessary to correct the attitude and speed

of the missile. In the case of a ballistic weapon, 
these corrections are usually made immediately 
prior to the release of the warhead so that the 
warhead is released at the precise point for it to 
complete a ballistic path to the impact point.

Solid Propellant Engines

Controlling the thrust of solid propellant rocket 
engines is a factor of propellant burning rate. 
Burning rates and thrust developed by various 
solid fuels are explained in detail in chapter 3. 
Burning rate is a function of pressure, and for 
solid propellants there is some minimum pressure 
below which efficient burning will not occur. The 
thrust of a solid propellant rocket may be termi
nated by rapidly lowering the chamber pressure. 
There are several ways of lowering chamber pres
sure. One way is by blowing off the nozzle. This 
causes a severe momentary thrust increase which 
is undesirable. Another method of lowering pres
sure is by blowing plugs out of the side of the 
chamber. This method is not entirely satisfactory 
because of the side thrusts that are created.

The most satisfactory and effective means de
vised for thrust termination of a solid propellant 
rocket is that used on the Minuteman stage III 
motor. Figure 7-17 is a cutaway illustration of this 
motor showing the thrust termination ports in de
tail. The small detail sketch of the port shows that 
a small amount of the propellant covers the ports. 
After ignition, the propellant must burn several 
seconds before the activation of the termination 
port can be effected. Any time after this initial 
burning time, the forward thrust of the main en
gine can be terminated by a computer signal that 
will release the hatchesjrom the ports by means of 
an explosive bolt or squib. Notice that the exhaust 
of the ports face forward. Not only do the ports 
lower the main engine thrust chamber pressure but 
the exhaust of gases through the ports provides a 
reverse thrust to the missile. This actually causes 
stage III to back away from the reentry vehicle 
and warhead which is the final stage of the Minute- 
man. By providing precise separation, this action 
prevents the usual decay of the rocket shutdown 
from affecting the programmed ballistic flight of 
the reentry vehicle.
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Figure 7-17. Minuiemon Stag* ilt Motor

THE AUTOPILOT

Now consider the second half of the control sys
tem, the autopilot. The autopilot consists of the 
displacement gyros, rate gyros, torque amplifiers, 
and a reference axes programmer.

Displacement Gyros
The displacement gyros are three mutually per

pendicular, single degree-of-movement gyros 
mounted on the missile airframe. These gyros es
tablish angular references along the three axes of 
the missile. Deviations from a prescribed flight 
palh are measured as deviations from the estab
lished axes references. The missile may be regard
ed as a stable platform whose flight control system

maintains it at an attitude in which the displace
ment gyros are at a null position.

Programmed deviations are effected by changing 
the angular references of the displacement gyros. 
The angular references for pitch and roll are 
changed by inputs from the programmer to a tor- 
quer which rotates the gyro gimbals, changing the 
reference angles. An optimum powered flight is 
determined for each missile. During this powered 
flight portion of the missile trajectory, changes in 
angular pitch reference are programmed. Roll ref
erence is established by the azimuth location of 
the target. If the missile uses a stabilized guidance 
platform, this is aligned with the azimuth of the 
target prior to launch. The missile is put into a 
programmed roll maneuver during the initial sec
onds of flight so that the missile pitch plane is co
incident with the stable platform.

Rat* Gyro*
The attitude signal from the displacement gyros 

in itself is not sufficient to provide complete stabil
ization of the missile. Rate gyros are added to 
provide damping to the system. The rate of devia
tion of the missile is provided by three rate gyros 
(yaw, pitch, and roli). Outputs from the rate 
gyros are fed to the amplifier where they are com
bined with the outputs of the displacement gyros 
to give the total angular displacement. The result
ing signal is applied to the servoamplifier and then 
transmitted to the thrust vector control.

Amplifier CireuiH
This section of the autopilot is simply a series 

of circuits which receive input signals and demodu
late, amplify, filter, and mix them. The output of 
the amplifier provides lead compensation and 
power amplification necessary to operate servo 
valves in such a way that proper signals are sent to 
the thrust vector control.

Reference Axes Programmer
The reference axes programmer is a memory 

device. Its primary purpose is to furnish roll and 
pitch command signals during the initial part o! 
the flight. Most programmers employ a timing 
motor which drives tapped potentiometers or cam 
and switch mechanisms. If integrating gyros are 
used, the commands are in the form of rate signals.
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The following section presents electrical control 
systems. Although these systems have some dis
advantages, they also eliminate some of the prob
lems found in combination systems.

SECTION D

Electrical and Auxiliary Control Systems

This section completes the coverage of guided 
missile control systems. Most of the section is de
voted to flight stabilization control. The last part 
of the section includes auxiliary control systems.

ELECTRIC CONTROL 5YSTEMS

An electric control system consists of compo
nents all of which are powered electrically or elec
tronically. There is no pneumatic or hydraulic 
power-transfer system required.

Except for the controller and actuator, the com
ponents used are similar to those used in the hy
draulic-electric system. Heading reference is estab
lished by an electrically driven gyro and sensed by 
electric components such as a.selsyn or reluctance 
pickoff device. Any computation performed on the 
error signal is done by an electrical or electronic 
computer. Rate signals are developed from elec
trically driven rate gyros or from an electronic 
rate circuit operating on the displacement gyro sig
nal. An integral signal is obtained from a motor 
driven selsyn or from an electronic integrator cir
cuit. Voltage amplification is provided by an elec
tronic amplifier. Power amplification can be ob
tained by electronic means or by using a motor 
generator such as a dynamotor or amplydine.

The controller is a device that varies electrical 
power in proportion to an input signal and causes 
the control surfaces to move a proportionate 
amount and direction. In the case of an all-electric 
system, the type of controller used depends on the 
type of actuation it must control. More details per
taining to controllers are presented in later para
graphs.

Electric power can produce mechanical motion 
through magnetic force. This means that either a 
solenoid or motor may be used as an electric actu
ator. As solenoids do not produce enough force to 
move an airfoil, motors are normally used.

An electrical motor could be connected directly 
to a control surface, using the motor shaft as the 
pivot of the control surface. To apply enough 
torque to move an airfoil sufficiently, such a motor 
would be too large and heavy to be practical.

A small motor running at high speed has the 
same power potential as the large motor. A small 
motor may be connected to the control surface 
through a gear train. The mechanical advantage of 
a gear train results in a larger torque exerted on 
the control surface pivot. The motor may be cither 
a constant-speed motor, operating through a 
clutch, or a variable-speed motor.

The required fast rotation of a small motor in
troduces a major disadvantage to an electrical sys
tem. Sudden deviations of the missile require rapid 
reaction of the control surface. The rotor of a 
small motor must run at a high speed to produce 
a rapid control response. A large amount of inertia 
exists when trying to reach a high rotor and gear- 
train speed from a standstill. This inertia opposes 
a change in velocity and causes an undesirable lag 
in control surface response. This lag results in in
sufficient sensitivity of the control system.

A larger motor could be used but it would still 
possess inertia due to its greater mass. A partial 
solution to this problem is the use of a continuously 
operating motor and dutch assembly. Response 
can be improved by the use of small high-torque 
motors.

Figure 7-18 is an illustration of a variable-speed 
motor used to actuate a control surface. The 
motor rotates in either direction, depending on the 
phase of the input signal. The speed of the motor 
is proportional to the strength of the input signal. 
The motor is coupled to the control surface 
through a reduction gear train and the movement 
of the control surface is proportional to the speed 
of the motor.

The controller for this motor must have a high 
output power capability to provide enough power 
to drive the motor. The variable-speed motor can 
be driven directly by the output of an electronic 
power amplifier.

The controller shown as part of the system in 
figure 7-19 converts the power of the controller 
drive motor to 3-channel variable-speed motors. 
If the pitch amplifier develops an output, the mag
netic field of the pitch generator increases. The 
voltage output of the generator feeds power to the
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F ig w  7 - IS . Electric A d  valor (variable speed)

variable-speed motor. The controller drive motor 
must be capable of maintaining a constant speed 
regardless of load. If the pitch output decreases, 
the speed of the motor and, consequently, the out
put of the roll and yaw generators are affected. 
This speed variation would cause undesirable 
cross-coupling between channels.

The effects of inertia when starting and stopping 
a variable-speed motor can be eliminated by using 
a drive motor which runs continuously at a con

stant speed. This type of motor is connected to 
the control surface through a clutch assembly 
which acts as the controller. The clutch controls 
the power transmission from the motor to the con
trol surface. Using two clutches and a gear train 
allows control actuation in both directions.

A control system using a constant-speed motor 
and clutch assembly is illustrated in figure 7-20. 
The illustration also shows a cutaway drawing of 
a clutch assembly. The clutch disc is operated by

Figure 7-79. Part of Pitch Eledrical System
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j  solenoid receiving power from the channel power 
amplifier.

An all electric control system is most easily 
adaptable to cruise type guided missiles that use 
conventional type control surfaces. Ballistic mis
siles travel at such high speeds and altitudes that 
conventional controls are ineffective. The electric-

hydraulic system is normally used in most of these 
missiles.

The next paragraphs present control systems 
which do not have flight stabilization as a primary 
function but which arc still of equal importance to 
the overall mission of the missile.

1

r ~ SOLENOID
GEAR

REDUCTIONDRIVE MOTOR CLUTCH

OPERATING SOLENOID OFF CLUTCH CORK BRAKE CORK

/
BRAKE DISK IS 
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TO CABLE DRUM

OPERATING SHAFT

BRAKE ARM

BRAKE SOLENOID QN
BRAKE SOLENOID ON CONTINUOUSLY 

WHILE AUTOPILOT FLIES AIRPLANE

BRAKE TENSION 
SPRING

Figure 7-20. Electrical System using Clutches and Molor-Clutch Control of Autopilot

7-23



AFM 52-3T

AUXILIARY CONTROL SYSTEMS

There are control functions other than flight 
stabilization that must be performed during a mis
sile flight. These functions arc performed by sep
arate systems that may or may not be inter-con
nected with the flight stabilization control systems. 
The functions of these auxiliary systems arc just 
as important as flight stabilization. Although the 
output power requirements are normally not as 
great, the accuracy requirements may be even 
greater.

Some guidance systems require that data be sent 
or received by the missile to a certain point by 
means of a very narrow radio beam. The con
tinuous aiming of the missile antenna requires an 
accurate auxiliary control system. Any small an
tenna error caused by missile deviation could in
terrupt the radio link. Another antenna requiring 
an auxiliary control system is a search radar an
tenna used with some guidance systems. It also 
must be aimed accurately. Gyro slaving systems 
can also be considered as auxiliary control systems.

The operation of many of these auxiliary sys
tems is similar to the operation of stabilization 
systems. The auxiliary system, for example, which 
maintains the stability of a stabilized reference 
platform requires a reference unit and sensor unit 
to produce an error signal. The error signal indi
cates a comparison between existing conditions. 
The error signal is then changed in form and am
plified to control an actuator. The actuator pro
duces the correction in the stable position. This 
type of stabilized platform is used to keep the 
guidance system sensing components such as tele

scopes or accelerometers in a steady angular posi
tion in space.

The auxiliary system must be extremely sensi
tive and accurate to keep the movement of the 
stable platform to a minimum and to maintain it 
at a definite angular position. The platform cannot 
lilt with deviations of the missile airframe. This 
would cause errors in the guidance sensing system 
and could even make it inoperative.

Some auxiliary control systems do not operate 
on the same principle as stabilization systems. 
Stabilization systems operate on the servomechan
ism principle, which is a closed-loop system. The 
closed-loop system senses the resutts produced by 
its output and continually makes corrections. Many 
functions to be performed by auxiliary control 
systems arc simple,- one-time operations and do 
not require further corrections. These functions 
can be performed by open-loop systems.

An open-loop system is usually used to change 
some situation on the missile after it is launched. 
Examples would be the jettisoning of boosters and 
jettisoning of skirting prior to ignition of the next 
stage engine. Some cruise type missiles have fair
ings on doors that close after booster rockets have 
been released. Figure 7-21 shows a control system 
used for this function. The difference between this 
system and previous systems is the absence of a 
followup connection between the device being 
controlled and the input of the system. The action 
starts at the timer and ends at the door, with no 
feedback path to complete the system loop.

Supporting systems requiring high power and 
fast response, like the flight stabilization system, 
normally use hydraulic power. Systems not having
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high performance requirements may use small elec
tric motors. Some systems such as booster jettison
ing systems may use explosive bolts or iquibs.

These auxiliary systems are usually checked out 
by the same people responsible for checkout of the 
llight control or stabilization system unless the 
auxiliary system is related to the guidance section. 
Checkout procedures which are similar to flight 
stabilization checkout procedures are presented in 
the final section of this chapter.

SECTION E

General Procedures ior Checkout of 
Control Systems

Contained within a guided missile are many 
electronic and mechanical components that must 
function correctly at the proper time during the 
flight of the missile. If a part fails, there is no one 
aboard to . compensate for or to repair the part, 
and the failure can result in loss of the missile, 
or at least cause the missile to miss its target. 
To reduce the possibility of failure during flight, 
the missile is checked at scheduled intervals.

The final prediction of reliability depends on 
a preflight checkout. These checks are designed 
to be as reliable and complete as possible. To be 
reliable, the checks must be made in the correct 
sequence. Checks made incorrectly or not in the 
proper sequence result in inconclusive results and 
possible damage. Technical orders provide the 
mechanic with the directions for performing check
outs properly.

An important step in any checkout procedure 
is an accurate record of results. These records 
consist of checklists that are annotated as each 
step of the checkout is performed, as well as 
records showing what corrective, action has been 
taken to repair a malfunction. Such records ac
tually have many uses. Consumption of spare 
parts is tabulated to establish stock levels for sup
ply. Trends of repeated malfunctions can be cal
culated to establish replacement or inspection 
cycles. These records are sometimes used to 
establish product improvement studies to develop 
better, more reliable components and better, more 
efficient maintenance techniques.

For large missiles, the checkout job is divided 
into major sections such as power system, guidance

system, control system, and airframe and propul
sion system. Different teams of technicians and 
mechanics arc assigned to perform checks within 
their job specialties.

The development of extremely reliable equip
ment has resulted in the increase of lime periods 
between system checks. In the case of some bal
listic missiles such as the LGM-30F, scheduled 
periodic maintenance has been all but eliminated. 
The missile is assembled and checked out in the 
missile support area. It is then transported to the 
launch site and installed in an underground 
launch silo. After the missile has been connected 
into the launch facility electrically, the condition 
of the missile systems arc monitored by the launch 
crew. The launch crew is located in the launch con
trol facility which is a minimum of three miles 
from any of the ten launch sites which it controls.

The LGM-30 is designed to be held on alert 
status for an extended period of time. During 
this time, maintenance is performed only if a 
system malfunction in one of the missiles is in
dicated by the monitoring equipment at the launch 
control facility. In the event of a malfunction 
indication, the specific missile is put on a standby 
status and a maintenance crew is dispatched to the 
launch site to check out and to repair or replace 
the faulty component. The missile is not removed 
from the launch tube unless the extent of the 
malfunction is beyond the possibility of onrsite 
repair.

Military tactics and strategy demand that prep
aration for launch of a missile be rapid. Speed 
and certainly are the important objectives in pre- 
flight checkout of a missile. The time between 
the decision to fire and the actual launching must 
be an absolute minimum. For this reason preflight 
checks are designed to be as short and simple 
as possible. A maximum amount of the work, 
such as component and systems testing, is done in 
the assembly area. Most large missiles are ‘'counted 
down” to a hold condition that is just short of 
actual launch (usually not exceeding 2 minutes). 
Under these conditions all the various systems, 
with the obvious exception of the propulsion and 
arming systems, are operating and being moni
tored. On command to fire, a minimum number 
of final checks are made and the engines ignite, 
launching the missile in a very short period of 
time.
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In the cose of the LGM-30 Minutcman missile 
there arc no “hold” conditions in operational 
countdown. When launch is commanded by the 
crew, the airborne computer counts all systems 
down to stage I ignition, and missile away.

The possibilities for human error in the check
out of these sophisticated weapon systems have 
been greatly minimized by the use of automatic 
computer-operated checkout equipment. By the 
use of prepunched cards, the equipment will se
quence the complete checkout of the missile sys
tem. In the event of a malfunction, some of these 
computers will even print out the correct repair 
procedure. Of course, a technician must make the 
actual repair. This requires a man who knows 
what he is doing.

C L A S S I F I C A T IO N  O F  TESTS

With the wide variety of missiles in existence, 
many different tests and procedures exist. This 
makes it difficult to analyze checkout procedures 
from a. general standpoint. The following is a 
listing of one possible breakdown of all control 
systems, checks on a representative missile.

1. Physical inspection.
2. Checks on the power supply system.
3. Electrical point-to-point checks.
4. Zeroing and balancing adjustments.
5. Servo static error simulation.
6. Servo dynamic response checks.

These checks may be made through the use of 
common test equipment or they may be performed 
automatically by specialized computer pro
grammed equipment.

Although these categories are listed in a logi
cal order, the checks are not necessarily per
formed in that order nor are all checks under any 
one category performed at once.

Equipment included under the power supply 
system are those components providing power to 
the control system and the actuators. In most 
cases, this includes electrical and hydraulic power.

CHECKING THE POWER SUPPLY SYSTEM

Tests on the power supplies are normally per
formed before checks on the rest of the systems. 
This is logical since proper operation of all sys

tems depends on amplitude and frequency of elec
trical power and adequate hydraulic pressure.

After making certain that the power supplies 
arc functioning correctly, check the control sys
tems components.

Electric Actuation Checkout

The folowing general procedures arc accom
plished:

1. Battery check. Check the battery for full 
charge. Check voltage regulation by measuring the 
terminal voltage under maximum load conditions. 
Check the power wiring by measuring voltage at 
the load. High-rcsistance wire or connections 
create an abnormal voltage drop when current is 
drawn.

Some missiles use batteries that are not activated 
until launch. These batteries have a separation 
between the battery and its electrolite. The elec
tron te may be introduced into the battery by gas 
or air pressure or by use of a squib. Tn any case, 
the potential of the battery cannot be checked 
during normal prcflight checks. Special procedures 
ore used for checkout of such a power system and 
these procedures are spelled out in specific system 
technical orders and checklists.

2. Generator and voltage regulator test. The 
generator is normally driven by the propulsion sys
tem. On a missile. using a conventional jet en
gine, the generator checks can be made during 
engine tests. A gas-driven generator cannot be 
fired to perform output checks. They require 
specialized test procedures.

3. Controller check. Checks on an electrical 
controller are made for electrical balance and 
power gain using specific input signals.

4. Actuator check. The major requirement 
of an actuator is that it move fast enough and in 
the correct direction with a given input signal.

Hydraulic Actuation Checkout

The following are general procedures for check
out of the hydraulic system:

1. Filling and bleeding the hydraulic system. 
Procedures for filling and bleeding the system in
cludes precautions for cleanliness, use of proper 
type of fluid, and the proper torque to be used 
when tightening fittings. Bleeding is a process 
of removing all air bubbles from the system. This
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procedure insures precise operation of the actu
ators. Any air in the system will cause a “soft” 
reaction in the cylinders like the reaction you may 
haw experienced with hydraulic automobile 
brakes. Bleeding the hydraulic control system is 
usually accomplished with the same test unit.

2. Pressure test. After the system is filled, 
the test unit pressurizes the system to check that 
pressure is maintained within the proscribed limits.

3. Leakage test. The system is made to reach 
a pressure above its normal operating pressure 
and all fittings and components are checked for 
a period of time to ascertain that no leaks exist. 
The increase over normal pressure insures that 
the system has an operational safety margin.

4. Operating test. During the pressure and 
leakage tests, the hydraulic test unit actually cycles . 
the system components to assure complete circula
tion of fluid, as well as to determine that all actua
tors function throughout their limits of travel 
without binding or erratic oscillations.

PHYSICAL INSPECTION

At some time during the control system check
out, the physical condition of the equipment 
should be checked. Actually, a physical inspec
tion should be done before power is applied to 
a system. Following is a list of things which should 
be checked.

1. Frayed insulation and damaged wires.
2. Poor contact of plugs in jacks.
3. Secure suspension of electronic chassis.
4. Cables in correct locations and secured.
5. Breaks, cuts, or deterioration of rubber 

tubing.
6. Corrosion or dirt in equipment.
7. Leaks in metal or rubber tubing and fit

tings.
Some procedures include specialized checks for 

physical conditions such as:
L Caged or uncaged condition of gyros.
2. Energized or deenergized condition of re

lays.
3. Position of switches.

ELECTRICAL POINT-TO-POINT CHECKS

Point-to-point electrical checks are continuity, 
voltage, and resistance measurements made be

tween two points in a circuit. Some of the measure
ments that are made arc supply voltages, plate and 
bias voltages, and amplifier input and output 
voltages. On most present day missiles, point-to- 
point checks arc made only at the time of assembly 
of the missile stages or during maintenance proce
dures. After the missile is installed in the launch 
facility and counted down to a hold position, the 
continuity of electrical wiring is monitored con
tinuously by the launch control equipment.

The old method of performing point-to-point 
check was with a multimeter. This method is now 
outmoded due to the complexity and sensitivity 
of missile systems.

Most missile systems now have specialized test 
consoles that are designed to perform continuity 
and voltage checks. These sophisticated testers are 
automated and are programmed to follow a se
quence of tests. As long as the circuitry is sound 
and voltages within the proper tolerances, the 
checker continues to step from check to check. In 
the event of a short or open circuit or an out of 
tolerance reading, the checker stops and indicates 
a malfunction. In some of these testers a trouble
shooting capability is built in. The tester will 
perform a series of checks and by means of a 
light display or printed tape will indicate the mal
function correction procedures. As systems be
come more and more sophisticated, the chances 
of human error are minimized or eliminated. •

A major problem exists with these test consoles. 
They are complicated in themselves and are sus
ceptible to malfunctions. Many of the adjustments 
in the consoles are critical, and maladjustment 
leads to erroneous test results. Separate main
tenance and check procedures for the consoles 
must be established, and highly specialized per
sonnel must be trained to perform these checks. 
To cany the job of testing to still a higher level 
of efficiency, test units are designed to test the 
missile test console.

ZEROING AND BALANCING ADJUSTMENTS

An important part of preparing a missile for 
launch is the zeroing and balancing of control 
equipment. This must be done prior to the checks 
which determine the operation of a complete 
system. Most zeroing and balancing that is re
quired is in the amplifiers and pickoffs. Many of
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the amplifiers used in servo systems have double- 
ended outputs. These outputs must be balanced 
if the gain is to be equal for each section.

Pickoffs must be zeroed for a condition that 
correctly indicates error signals. PickotTs in gyros 
are zeroed during the manufacturing process, so 
the missile technician has only the problem of 
aligning the gyro case with the missile airframe. 
There are also other pickoffs in the system. These 
include followup generators, airspeed transducers, 
and altitude detectors. These all must be adjusted 
to the proper reference position. Selsyns are ad
justed to produce a null or zero output with the 
rotor at a desired reference position.

Closely related with the zeroing of pickoffs is 
checking the linearity of the pickoffs. Normally, 
the output of a pickoff is proportional to the dis
placement of the control device. If a resistance 
bridge is used as a pickoff, a linear pot must be 
used. There are many other miscellaneous adjust
ments which must be made on the missile such 
as timers and amplifier gain. Most adjustments 
that have been presented here are monitored on 
the test consoles and if some adjustment is not 
within tolerance it shows up as a no-go indication 
on the console.

STATIC SERVO RESPONSE CHECKS

After a manned aircraft has been preflighted, 
a test flight determines that all the systems are 
functioning properly. During an actual flight, the 
intelligence and ability of the pilot analyzes and 
corrects for any inaccuracies that may show up.

Missiles cannot go on a test flight. Missiles are 
designed for one flight— one way. There is no 
pilot in a missile to correct for any instability or 
deviation from its course. Dependability and in
tegrity of mechanical and electrical equipment 
must be depended upon for stability under all 
flight conditions. Since the missile cannot be test 
flown, the next best thing is simulated flight. There 
arc three possible ways to do this.

• If the missile is small such as an AIM-4 
Falcon, it may be mounted on a special test stand. 
By positioning the missile at a certain angular 
attitude, the reference and sensor create an error 
signal, and the control system applies corrective 
action to the control surfaces. The surfaces move

to a certain angle and remain in that position as 
long as the same error signal is applied to the 
missile. In a system using proportional control, 
the followup signal is exactly canceling the at
titude error signal. With a test error signal, the 
control surface must deflect to within a given 
angle to assure proper flight control. If the angle 
is not within tolerance, adjustments must be made. 
The test signal can be reversed in phase to check 
control surface movement in both directions.

• • A second method of simulated flight testing 
involves moving the stabilized platform a given 
amount and checking the effect on the control 
devices. This method is usually used with large 
missiles. The test is performed with a test set 
having the capability of slaving the stable platform 
and tilting it a known amount and direction. The 
output error signal from the gyro is then applied 
through the control system and causes the con
trol devices to react in the amount and direction 
determined by the strength and the phase of the 
error signal.

♦ The third method of simulating missile at
titude errors is by connecting an artificial error 
voltage into the sensor. The voltage must be of a 
prescribed amplitude and phase to be equivalent 
to the output of the sensor when the missile is 
deviating at a certain angle. The action of the 
control system can then be measured and the gain 
can be determined by the ratio of angular move
ment over voltage input. A disadvantage of this 
system is that the sensor and reference units 
themselves are not checked in the process.

The voltage that is injected into the system 
simulates an error signal from the sensor. It is 
usually an AC voltage with a phase and frequency 
relationship to the reference voltage of the control 
system.

Completion of checks by one of these three 
methods determines whether or not the control 
surfaces or jets move the proper distance for a 
given constant error signal.

Additional checks must be made on most con
trol systems to determine if they will react cor
rectly to guidance signals. The output of the guid
ance system is normally electrical; therefore, an 
electrical signal can be inserted into the control 
system at the proper point to simulate a guidance 
error. The guidance error indicates that the mis
sile has deviated from its planned course. The
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conirol surface movement must be within a cer
tain range for a given guidance signal.

DYNAMIC SERVO RESPONSE CHECKS

The checks listed so far do not provide a com
plete check of a control system. Constant voltage 
errors were simulated and the results measured 
under static testing. Additional checks are needed 
to predict the stability of the missile in actual 
flight. Actually, during flight, attitude errois 
normally are- not constant voltages but vary ir
regularly. The error signal is constantly changing 
in amplitude at different rates depending on wind, 
thrust, and missile inertia.

Most systems are not given dynamic checks 
in the field. Either the checks are performed at 
the factory or the static and component checks 
are relied on for prediction of stability. Compo
nent checks may include a dynamic response 
check on some part which has a great influence 
on the response of the entire system. Such com
ponents may include rate circuits, hydraulic trans
fer valves, and actuators.

The closer a checkout comes to simulating 
actual flight conditions, the more thorough and 
decisive are the test results. Dynamic response 
checks are used to teat a missile under simulated 
operating conditions. Dynamic means moving or 
operating, while response means reaction or re
sult. The purpose of performing dynamic response 
checks on a missile control system is to:

1. Determine the system reaction to known 
simulated error signals which vary at rates which 
could occur during flight.

2. Determine if the system reaction is with
in the prescribed tolerances to insure flight sta
bility.

The fact that movement is attained with a 
constant signal does not insure that proper move
ment will be produced with an error signal that 
is changing in amplitude at a varying rate.

The difference in checking a control system 
with a constant error and checking one with a 
changing error is comparable to measuring the 
voltage of a generator or battery when they were 
not producing any current, which would be under 
a static condition, and checking the terminal 
voltage under a load condition, which would be 
a dynamic, check.

Constant Verms Changing Error Signal
The results of a changing error signal are dif

ferent from the results of a constant error signal. 
A constant error signal causes a given control 
surface deflection which is also constant. A chang
ing error signal results in varying deflections of 
the control surface, which are affected by other 
factors within the system, These factors affect the 
response time of the control surfaces.

Control surface or jet movement lags the error 
signal due to mechanical and hydraulic reaction 
time. Any action requires time. The electrical, 
mechanical, and hydraulic reaction times present 
in control systems cause control movements to 
lag behind the error signal. Any bending or ex
pansion and contraction as well as slack in con
nections causes mechanical lag in a system. Hy
draulic lag is caused by expansion and compres
sion of hydraulic lines and also by the time it 
takes fluid to flow through transfer valves to the 
actuators. This compressibility and time of flow 
of hydraulic fluid is very small, but for precise 
control it must be taken into consideration. In 
the electrical part of a system, any components 
which affect the phase of an AC signal voltage 
have some effect on the response time of the signal. 
All coupling and filter capacitors and inductors 
contribute to a time difference between the input 
and output.

These lags in a control system are objectionable 
because they affect the capability of the missile 
to correct rapidly and smoothly. A means of re
ducing the effect of this control lag i9 to use rate 
gyros or rate circuits, sometimes referred to as 
lead circuits. The output of a rate circuit is com
bined with the proportional signal. If the rate 
signal is great enough, it will overcome the lag 
in the system and sometimes will produce a lead 
rather than a lag.

Meaning of lead
The term lead does not mean that a correction 

occurs before the error begins. This would not be 
possible. Suppose a changing.error signal for mak
ing dynamic checks is simply a sudden application 
of or removal of a constant voltage. With a sud
den change of input, the system reacts an instant 
later to produce a new output condition. If a lead 
circuit exists in the system, the lag of the reaction 
is minimized.
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If a simulated error signal, with the amplitude 
varying as a sine wave, is applied to the system, 
the .control unit oscillates to each side of the 
neutral position. By using this type of signal, a 
lead or tag can be measured. This type of chang
ing signal is used most often for making dynamic 
iesis. The frequency of the amplitude variation is 
low (between l and 15 cycles per second). To 
complete rite dynamic tests, several lead or lag 
determinations are made for each channel. Each 
check is made at a different frequency to simulate 
different rates of change of error and these tests 
are usually referred to as frequency response 
checks.

The deflection of the control unit also repre
sents a sine wave. Whether this deflection leads 
or lags, the signal depends upon the particular 
control system. The lead or lag is determined by 
comparing the phase of the control movement to 
the input signal after several cycles have been ob
served, .The lead or lag must be within a certain 
range for a particular system and is specified in 
the system checkout procedures.

Signal Simulation

Most control circuits are designed for AC error 
signals of a certain frequency, usually 400 cycles. 
The input signal must be modulated at this fre
quency. A common method of simulating an AC 
signal which will increase and decrease with a 
sine wave function is by rotating an autosyn at a 
rate equal to the frequency at which it is desired 
to move the control unit. A constant AC voltage 
with a frequency equal to the frequency for which 
the control surface is designed is applied to the 
stator. As the rotor passes through a null posi
tion, the output drops to practically zero and 
changes phase. It then increases with the opposite

phase. The average amplitude approaches a sine 
wave function as illustrated in figure 7-22. The 
speed of rotation is adjusted to provide the 
modulating frequency.

Another method of.simulating a changing signal 
is comparable to that used in simulating static 
error signals. The gyros, or the entire missile if 
it is a small one, can be rotated back and forth 
about an axis at a given rate.

Analysis of Results

After the simulated error signals have been 
applied, the final job is to measure the results 
and determine if they arc within the prescribed 
limits. The control unit deflection is best deter
mined by making a connection to a pickoff unit 
at the actuator linkage. .

The output voltage of the pickofl is compared 
in phase and amplitude to the input signal to de
termine the response of the system. These signal 
comparisons can be made by one or more of the 
following methods:

1. Visual observation on an oscilloscope.
2. Reading of meters or oscilloscopes con

nected to special phase and amplitude compara
tor circuits.

3. Analysis of paper tape record produced 
by pen-and-ink recording oscillograph.

4. Analysis of record produced by photo- 
oscillograph.

The most modern and commonest method is 
by the use of the automatic checkout equipment. 
This equipment includes one or more oscillograph 
recorders which reproduce the results of tests, in
cluding frequency response checks, which can be 
analyzed and compared with the technical data 
for the system.

-------------------------ONE C Y C l£  Of ERROR-------------------------------•>

Figure 7-22. Simo/afad Error Signal for Dynamic Response Checks
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MISSILE CONTROL SYSTEMS

This stucty of missile control systems has in
cluded the basic components, the control system 
as a whole, and general checkout procedures.

All guided missile control systems arc similar 
in operation. Their purpose is to compensate for 
changing winds, equipment unbalances, and air- 
irame dynamics so as to keep the missile stable 
in flight. The system is alio capable of accepting 
location and heading errors from the guidance

system and making corresponding heading 
changes. The system must be able to respond 
rapidly enough to sustain a smooth, straight flight. 
For this reason the hydraulic-electric system is 
the most commonly used system.

While control systems are very similar, guid
ance systems differ greatly depending upon the 
missile type and the mission requirements. Com
prehensive presentation of various guidance prin
ciples are covered in other chapters of this manual.

7-31



C H A P T E R  8

Trajectory Considerations

In this chapter, the path taken by a guided 
missile is considered. This path is commonly re* 
ferred to as the trajectory of the missile. Missiles 
curve through space on a track which can be 
analyzed by advanced geometric methods. In the 
early stages of developing a missile, the possible 
trajectories that can be followed are calculated so 
that the airframe and control characteristics can 
be tailored to the optimum, performance of the 
missile under the expected conditions of its op
eration. A study of missile trajectories helps your 
understanding of missile guidance requirements. 
For your use, it is not necessary to obtain more 
than an understanding of terms and basic princi
ples—you need not study analytic geometry.

REFERENCE CONCEPTS

The concept of reference axes is basic to all 
missile systems. To detect the direction and mag
nitude of an error, there must be a standard 
reference point for up-down and right-left mea
surements so the control system can be com
manded to give the proper corrections. This stan
dard becomes more complicated as the complexity 
of the guidance system increases, especially for 
systems for long-range missiles.

A reference system can be based on an actual 
arangement of some physical components, or it 
can be quite arbitrary. For arrangement of physi
cal components, a homing-type missile such as 
the AIM-4 Falcon is an example. The reference 
for such a system is the physical and correspond
ing electrical orientation of the antenna. In a horn, 
ing missile with an antenna that looks directly 
forward, the arrangement of the antenna is easily

analyzed. Figure 8-1 illustrates the effect of atti
tude on missile reference. What is up to the an
tenna is up to the missile. Whether the missile is 
inverted or not, the command resulting from the 
error signal detected at the antenna directs the 
missile to the target.

For the initial planning of a bight, the primary 
reference of the trajectory coordinates must be 
exact. The selection of the coordinates for an iner
tial system is an arbitrary decision. Since the earth 
is pursuing its orbit about the sun and rotating 
about its own axis, the requirement for the ref
erence to be stable or fixed in respect to the guid
ance system is not directly attainable. Because 
a gyroscope wheel maintains rigidity in space or, 
more scientifically, in inertial space, this inertial 
space becomes the reference. In respect to iner
tial space, the reference is a particular direction, 
usually with the axis of the gyro either parallel 
or perpendicular to the force of gravity at the time 
and place of launching the missile.

The remainder of this chapter presents the 
variations and combinations of coordinate systems 
required by missiles.

GUIDANCE COORDINATES

The simplest concept of guidance coordinates 
is that mentioned previously in which a seeker 
head is fixed to a missile so that its viewing axis 
is only to the front along the line of flight of the 
missile. The seeker is orientated so that signals 
from the detector to the control system initiate 
control movements that place the missile back on 
a path directed toward the target. When the mis
sile rolls or changes attitude, the attitude of the
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Figure 8-1. identical M itsihs in Different Attitudes making Proper Correction* for Torge/< above and io the side

guidance coordinates change accordingly. The 
guidance reference is fixed to the missile as shown 
in figure 8-2, and the guidance reference moves 
with the missile so there is no confusion as to the 
movement required to correct any error signal.

This is a two-dimensional reference system 
since only up-down and right-left signals are de
tected. The range dimension may or may not be 
a function of guidance. In some missiles, range 
is an ordnance function and is only necessary for

warhead safe-and-arm and detonation. In such 
cases, range has no direct use for guidance.

In most applications of this reference system, 
the seeker head is mounted in the missile by a 
universal joint (gimballed) arrangement With 
such an art: .lgement, the seeker can look at a 
moving target while the missile course is projected 
at a lead angle or collision course, as illustrated 
in figure 8-3. The course is plotted to converge on 
the target with a minimum of maneuvering by the.
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missile. The missile “ looks over its shoulder/' 
and error signals are interpreted by the control 
system so that a correct collision course is main
tained.

Geometrically, two intersecting lines determine 
a plane, which is a dimensional surface. If the 
lines were ideally straight, the problem would be 
two dimensional; however, the problem is com
plicated by the lead angle involved. The error 
signal must be modified according to trigonometric 
functions. A common way to obtain trigonometric 
operations on an electrical signal is through the 
use of selsyns. The reference is still fixed to the 
missile, but it is transformed or interpreted from 
the antenna signal. The antenna signal is in the 
guidance reference to the control system signal 
which actuates the missile controls.

TRANSFORMATION OF AXES

Most missile guidance systems perform the 
transformation of the reference system to the axes 
of the control system. In some systems there are 
several of these transformations. In the system 
referred to in the previous section, the reference 
axes are rotated through an angle to make them 
correspond to the control reference. Rotation of 
axes is a method of transformation.

An important point to remember is that when 
a transformation is performed on a system of axes 
or a coordinate system, the effect is on all three

axes. Transformation of a reference system can 
involve both rotation and translation. Moving a 
set of axes for comparison with a standard is 
called translation of the axes. The performance of 
these operations is not often obvious from ref
erence to schematic diagrams, but such functions 
are the reason for many complications in the mis
sile electronics equipment. The missile must re
ceive and interpret guidance errors in terms of its 
reference frame, and compute control movements 
in terms of the aerodynamics axes to give the 
proper corrections. These interpretation and com
putation steps require complex electronic circuitry.

Some missiles do not perform error signal trans
formation to develop the control command. Some 
guidance systems that do not require these ;om- 
plex operations are chosen for some missiles. 
This type of system detects the direction of the 
error and applies it to the control system directly 
after a correction has been made for the amount 
of deviation. Computation of the amount of error 
for use by the control system is not always a direct 
result of the concept of reference coordinates, 
but such a concept does enter into most computa
tions. Almost all systems now make some attempt 
to distinguish the magnitude of error so as to 
develop a proportionate amount of control action.

Missiles controlled by external means require 
a further consideration. These missiles have an 
ideal trajectory plotted for them and are then 
commanded to stay on that trajectory. The flight
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path is actually controlled by some means ex
ternal to the missile. Remote radio control is an 
example of external control. The tracking in
formation for remote control may be by visual, 
optical, or electronic methods. Both the beam- 
rider type of missile and the long-range electronic 
navigation system, like the Loran system, use 
charted paths of radio energy to guide them to 
the target. The plotted course is the prime ref
erence axis, and the missile is controlled so as 
not to deviate from this reference.

MISSILE TRAJECTORY CURVES

Missile trajectories may follow many types of 
curves, most of them determined by instantaneous 
position of the missile relative to the target. An 
exactly predicted path is the hyperbolic course 
laid out by the Loran-type system.

Hyperbolic System

A hyperbolic system is shown in figure 8-4, Two 
radio transmitters (a master and a slave) are lo
cated some distance apart, and each transmits on 
RF pulse at specific time intervals. As the pulses 
are transmitted, a family of hyperbolic curves is 
generated.

A line joining the two transmitters is the base 
line of thfe hyperbolic curves. The curves are sym
metrical about this base line, and at each point on 
the base line the sequence of signals arriving from 
the transmitters has a different time separation. At 
any particular point on the base line, a singular 
time separation between the signals is apparent. 
If this time separation is kept constant, movement 
away from the base line traces a hyperbolic curve, 
except at the exact center of the base line. Here a 
location of all points of the same time difference 
traces a straight line which is the perpendicular 
bisector of the base line. As each end of the base 
line is approached, the hyperbolas become more 
curved. The best course to follow is very nearly 
at the center of the system because it will be the 
closest to a straight course.

By adding a second slave station, a second group 
of hyperbolas is generated. This is represented by 
the darker lines on the diagram. The two systems 
are set up to intersect at definite points from which 
an exact position is plotted. Chapter 9 covers ap
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plications of this type of coordinate or reference 
systems.

Pursuit Curve
The principle of the fixed seeker head in the 

homing missile was introduced at the beginning of 
this chapter. The seeker head is fixed to the missile 
and processes the error signal in relation to its 
axis and the missile axis. Such a missile must al
ways be heading directly toward the target. Its 
trajectory is a pursuit curve as shown in figure 8-5. 
Note that in pursuit curve trajectory the sharpest 
curvature occurs toward the end of the flight. The 
sharp turn requirement at this point applies high 
gravity forces on the missile and may exceed the 
aerodynamic limits of the airframe. This draw
back of the pursuit curve homing system can be 
overcome by gimballing the seeker head in its 
mount and modifying the system for a lead-angle 
course.

Ltad-Angl* Court*
By gimballing, the seeker head can be made to 

look in directions other than that in which the 
missile is flying. The trajectory flown by the mis
sile is then on a collision or lead-angle course. 
Note in figure 8-6 that' this course approximates a 
straight line, causing the missile to do a minimum 
of maneuvering. If the angle between the seeker 
axis and missile axis remains fixed, the missile will 
Intercept the target. The fact that this reference 
angle stays constant when both the target and the 
missile are in motion compensates for any differ
ence in speed between the two. The representation 
of this problem can be shown by vectors where 
the magnitude of the speed is taken into account. 
This vector development is illustrated in figure 8-7.

Beam-Rider Course
The beam-rider type of missile is confronted 

with the same problems as that of the homing mis
sile, The beam-rider course is a result of the beam 
movements because the beam-rider stays within 
the radar beam controlling it. For the same reason 
that the pursuit curve attack was eliminated, the 
controlling of the missile by the tracking radar has 
been discontinued. A controlling radar is now used 
so that target position is predicted and the missile 
flies a collision course to the target.
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Figure 8-4. Hyperbolic Lines ot Position Generated by Synchronized Stations
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figure 8-5. Pursuit Curve o f Surface-to-Air Missile

Ballistic-Type Trajectory

A parabolic trajectory is the classic curve ac
cepted for a surface-to-surface missile in free flight. 
If this same free flight is extended until the missile 
no longer returns to earth but becomes a satellite 
traveling about the earth, the trajectory becomes 
an ellipse. At some point the path of the missile 
undergoes a change of characteristic and the transi
tion from the parabolic to the elliptical curve takes 
place. However, the missile has been flying under 
conditions caused by the same forces whether it

Figure 8-6. Lead-Angle Interception

TARGET
VELOCITY INTERCEPT 
VEC ’ OR POINT

Figure 8-7. Vector Diagram o f Lead-Angle 
Development

returns to earth or remains in orbit. Except for air 
friction, the actual curve that the missile follows 
is the same in both cases.

In the theoretical consideration of the ballistic 
curve, an erroneous assumption led to the belief 
that the path was a.parabola. This assumption was 
that effectively the earth was flat and gravity acted 
parallel to itself. The truth is that the earth is a 
globe and gravity acts toward its center. The con
ditions in analytic geometry of the equation pa
rameters that define the curve of a parabola allow 
but a single shape for the parabola. The conditions 
for elliptical curves include an infinite number of 
shapes that arc determined by their eccentricity. 
By using actual conditions of earth shape and 
gravity direction and analyzing a free-fall path, 
the equation parameters of a free-fall path are 
found to be elliptical rather than parabolic. The 
curve of any ballistic trajectory, therefore, is actu
ally elliptical.

There are several trajectory possibilities for 
surface-to-surface missiles. The choice of trajec
tory is made before the missile is designed. Once 
it is built, a missile is limited to flying the trajec
tory for which it is designed.

The word “trajectory” is commonly associated 
with the ballistic trajectory of a rifle or artillery 
piece. The artillery-type trajectory usually has 
launching and attack angles of less than 45°. The 
trajectory curve is illustrated in figure 8-8. Ex
amples of missiles using this type of trajectory are 
the Army Little John and Honest John.
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Figure 8-8. Ballistic (artillery-type) Trajectory

Flat Trajectory

A flat trajectory is employed by some missiles. 
These are usually the cruise type missile such as 
the Air Force Hound Dog and the Navy Talos. 
The mid-course altitude may be maintained con
stant or it may be varied for tactical reasons. The 
altitude chosen is at the level best suited to the 
propulsion system and the tactical situations. A 
representation of such a flight is shown in figure
8-9.

Rocket Trajectories

Rocket trajectories are similar to artillery tra
jectories. The major difference lies in the launch 
angle of the missile. Note in figure 8-8 the missile 
was launched at an angle to the horizontal. In fig
ure 8-10, the missile is launched from a vertical

position. This attitude is maintained until the mis
sile reaches a predetermined altitude at which time 
it pitches over into a programmed turn. Propellant 
cutoff occurs when the correct velocity (magnitude 
and direction) is attained for a hit on the target. 
From this point, the missile is in free flight and on 
a ballistic trajectory.

The altitude reached by a missile of this type 
is very high. Ballistic missiles have a reentry ve
hicle that separates from the rest of the missile 
shortly after propellant cutoff. Only the reentry 
vehicle containing the warhead reenters the at
mosphere. The missile propulsion system, having 
performed its function, will burn up in the atmo
sphere while the reentry vehicle continues on to the 
target. To prevent the reentry vehicle from burning 
up in the atmosphere, it is protected from the heat 
by some form of shielding which absorbs the heat.

F/gure 8-9. Constant Altitude Trajectory
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Figure 8-10. High-Angle Rocket Trajectory

NATURAL FACTORS INFLUENCING TRAJECTORIES

So far, no consideration has been given to fac
tors influencing trajectory other than those affected 
by the missile itself. As missile flights arc made 
in or through the atmosphere, some thought should 
be given to the effects on a trajectory by meteoro
logical phenomena and terrestrial phenomena.

Influence of Meteorological Conditions

All missile systems are affected by weather de
ments under both operational and training con
ditions. Meteorological support for guided missile 
systems is provided by the USAF Weather Service. 
Meteorological observations made from ground 
weather stations, radiosonde stations, meteorolog
ical rocket facilities, ocean weather vessels, and 
weather reconnaissance are used in providing this 
support.

On t h e  G r o u n d . The larger and more fragile 
i he missile, the more it is subject to physical dam
age by surface winds. During periods of very high 
winds, the missile must be protected from struc- 
tural damage by adequate covers and tie-downs. 
Frost, freezing rain, and snow affect the aerody
namics of the missile. During periods of thunder

storm activities, lightning can cause damage to 
electrical circuitry and components.

In F light. Immediately after launch, surface 
winds exert considerable influence on the per
formance of a missile. Some missiles have critical 
wind component factors above which the missile 
cannot be launched. Initial guidance may be af
fected by high surface winds. Cloud cover and vis
ibility data arc needed to select optimum condi
tions for photographic or television tracking. The 
humidity distribution in the atmosphere affects the 
accuracy of ground radar tracking. Air tempera
tures affect in-flight thrust and drag factors. The 
data (wind, temperature, and humidity) required 
to compute the expected performance profile of a 
missile are available from meteorological sound
ings.

Mid F light. Winds at the projected flight alti
tude should be known to determine the drift of the 
missile. Head-wind or tail-wind components arc 
needed to compute range. Cloud and visibility data 
arc needed if visual surveillance is desired. These 
data have very little elfect on a large ballistic mis
sile because most of its flight is above the atmo
sphere.
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Impact. Weather conditions at the impact area 
are important considerations if a missile Is ex
pected to be recovered as in some test operations. 
If impact data are to be evaluated optically, cloud 
and visibility, information is necessary. For recov
ery operation in an ocean area, the conditions of 
the sea must be known.

Effect* of Gravity on Missile Flight

A spirit level resting on a surface is horizontal 
when the bubble of the level is centered. Similarly, 
a plumb bob defines vertical in relation to the sur
face of the earth. Gravity is the force acting on 
these two items to produce the results described. 
In physics, gravity is defined as the force of attrac
tion between the center of two masses. A little 
study will lead to a paradoxial situation in con
nection with this definition.

The earth is not a true sphere^ but rather a fig
ure known as an ellipsoid. This is like a sphere 
pushed in at the poles. As you study figure 8-11, 
you sec that a vertical to a tangent at any point on 
the surface, except at the equator and the poles, 
does not pass through the exact center of mass. It 
appears that either the definition of gravity is 
wrong or that- there is error in the method of mea
suring the direction of the force of gravity.

Actually, the definition of gravity given pre
viously is not complete. The force that causes the 
plumb bob to align to the surface of the earth 1$

F/flura 8-77. E xaggerated Elliptical Cross-Section
of Earth

known as apparent gravity. Apparent gravity is a 
resultant of true gravity plus centrifugal force of 
the rotation of the earth. The earth rotates about 
its axis and as a result centrifugal force acts in a 
direction perpendicular to this axis. The amount 
of centrifugal force applied to an object on the sur- 
fact of the earth is proportional to its distance from 
the axis. Thus, centrifugal force is greatest at the 
equator and decreases to zero over the poles.

Apparent gravity acts perpendicular to the sur
face of the earth except in certain local areas where 
large mountains or particularly dense underground 
deposits deflect the apparent gravity.

Except for these local variations in gravity, the 
force of gravity is considered as acting perpendic
ular to the earth's surface on a body at rest on the 
surface. Any body in motion is contributing an 
additional force which alters the apparent gravity. 
Because centrifugal force contributes a substantial 
amount to apparent gravity, any motion of an 
object on or over the surface of the earth alters 
the effect of centrifugal force upon the object and 
thus alters the apparent gravity acting on that 
object.

Effect of Coriolis Force
A missile moving over the surface of the earth 

tends to him toward the right in the Northern 
Hemisphere and toward the left in the Southern 
Hemisphere. This deflection toward the right or 
left is the effect of two motions— the rotation of 
the earth and the movement of the missile relative 
to the surface of the earth. This deflective force is 
known as Coriolis acceleration. It amounts to the 
difference between the speed of the missile relative 
to a non-rotating coordinate system and a co
ordinate system which rotates, such as the earth’s 
surface.

Consider a missile flying toward the east in the 
Northern Hemisphere. The earth rotates i/i an 
easterly direction. Since the missile is moving in 
an easterly direction, it experiences the effect of an 
even greater centrifugal force, The increased force 
is straight out from the earth’s axis and results in 
a motion to the right of the easterly movement. 
Study figure 8-12 in which P represents a missile 
moving into the page and around the earth’s sur
face.

If P were relatively fixed over the earth’s sur
face, the only force acting on it would be apparent
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gravity along the line Pg. As P moves eastward 
faster than the surface of the earth, greater cen
trifugal force is exerted on it because of its in
creased angular velocity about the axis of the 
earth. The centrifugal force acts perpendicular to 
the earth's surface through point P in the direction 
c away from the earth. The component of vector 
Pc that P experiences is in the horizontal direction 
toward the equator or to the right of the path of 
actual motion. This component is represented by 
Pz.

If the missile were moving to the west, the effect 
of centrifugal force would be decreased in the 
direction Pc'. The horizontal component would 
then be Pz', again to the right of the direction of 
travel.

Coriolis acceleration is tabulated for use by nav
igators in the Air Almanac. It is necessary to com
pensate for this Coriolis effect when programming 
a flight over the earth’s surface.

Coriolis effect can also be recognized as the 
force responsible for deviation of the winds to the 
right in the Northern Hemisphere and to the left 
in the Southern Hemisphere.

Effect of the Earth Magnetic Field

The earth is a magnetic body with poles of un
like magnetism situated within the Arctic Circle 
and the Antarctic Circle. A magnetic field sur

rounds the earth, and this field influences the mag
netic compass. The earth is not magnetized sym
metrically with respect to the geographical poles. 
Generally speaking, a compass needle does not 
point in the direction of the geographical pole and 
this error varies from point to point. The angle of 
error is known as magnetic variation or declina
tion.

Magnetic Variations. These are magnetic 
variations between places on the earth, as well as 
daily, monthly, and annual variations. These va
riations are minor compared to a progressive varia
tion which has been consistent over the centuries. 
These variations have an effect on calculations 
involving exact and precise magnetic headings and 
coordinates.

Dip . A magnetic needle freely suspended in the 
earth’s magnetic field has a vertical movement in 
aligning itself with the earth’s total field. This ver
tical component of the earth’s magnetism is known 
as dip. Dip does not occur at the magnetic equator 
which lies close to the geographical equator. Mov
ing away from the magnetic equator, the dip in
creases until it becomes vertical at the magnetic 
pole.

I n t e n s i t y . The direction in which the sus
pended magnetic needle is aligned indicates the 
line of force of the magnetic field. In this position 
the needle is parallel to the maximum magnetic 
intensity of the earth. The intensity is the number 
of lines of magnetic flux in a standard cross-section 
area. This intensity can be measured by using 
equipment operating on the same principle as the 
flux valve of the gyrosyn compass.

Magnetic Storms. The earth’s magnetic field 
is subject to fluctuations called magnetic storms. 
These fluctuations last from brief periods to sev
eral days. They result from sudden changes in 
electric currents which circulate within the earth 
and in the region surrounding the earth. The fluc
tuations occur at random and apparently have 
some correlation with sunspot activity. They may 
occur simultaneously over the whole earth or may 
be restricted to certain regions.

The range of the effect of magnetic storms upon 
a compass does not often exceed half a degree in 
the lower latitudes, but it is of great concern in 
the higher latitudes.

Local disturbances in magnetism occur in re
gions where mineral substances within the earth
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possess magnetic properties. The amount of this 
clicet is determined by actual survey.

PRACTICAL NAVIGATION

Surface-to-surface navigation of missiles pre
sents more stringent accuracy requirements than 
the conventional air navigation as performed by 
the navigator in an aircraft. With precision radio 
navigation aids at the destination of a flight and 
the exact placement or location from pilotage, 
dead reckoning and celestial navigation need be 
accurate to within only a few miles. A missile does 
not have radio-beacon homing equipment, and it 
has no pilotage reference, so its unattended navi
gation system must have pinpoint accuracy.

Target Location on Maps

The location of the target is the primary prob
lem. The target must be accurately plotted in re
spect to the launching point. To do this requires 
reference to a map or chart. Maps are developed 
for information as to the character of the earth’s 
surface and location of man-made features.

In developing and drawing a map, a certain 
amount of accuracy must, be sacrificed. Some

smaller features must be portrayed larger than 
scale if they are even to show in a scale reduction 
of an area. For instance, a line representing a road 
may be almost a mile wide according to the scale. 
The earth’s surface is curved, and to lie fiat, a map 
must distort to some extent the area it represents. 
The method by which the surface is ‘'stretched” 
to make a Hat map is referred to as projection. An
other basic difficulty is the inaccuracy of the orig
inal information from which a map is developed. 
This is not apparent to those who are acquainted 
only with maps of the United States and America, 
but there are areas in the world where unknown 
errors actually exist.

Radio Propagation

There arc some difficulties in exact placement 
of a point for those guidance systems using radio 
waves. The propagation of radio waves is affected 
by the conditions of the earth over which they 
travel and the condition of the medium through 
which they travel. Air has an effect on radio waves 
because of several factors. Figure &-13 illustrates 
the ionospheric skip effect on short waves.

Magnetic storms cause considerable difficulty 
with radio reception. As the frequency of the radio
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waves is increased to VHF and above, even the 
density of the air has an effect on transmissions,

You will recall that in the explanation of weath
er, the density of the air is measured in terms of 
pressure it applies. The refraction of waves passing 
through media of different densities was explained 
iti the chapter on physical principles. Refraction 
also occurs in radio waves passing through vary
ing n ir densities.

A condition of temperature inversion, when 
warm air overlays cold air, is desirable for long 
ranee communications on VHF bands. Note in 
figure 8-14 that wa>m air, being less dense, refracts 
the radio waves back toward the cooler air which 
is at the earth's surface. You can see then that 
there are conditions in which radio waves do not 
travel a line-of-sight route and cannot always be 
depended upon to do so.

Line of Position (LOP)

'■r you are on a line which has a definite bear
ing to a known point, you are on a line of position 
(LOP), A line of position is the plot of all posi
tions on a line of a particular bearing. LOP may 
be derived from a compass or radio bearing, Loran 
sites, or celestial sights. The exact position is not 
known until a second LOP is obtained which in
tersects with the first LOP. The point of intersec
tion is known as a fix. A line traced by a series 
of fixes is a course or track. An accurate fix may 
also be obtained when the course crosses a known 
landmark.

Course Terms

To maintain a course, the missile track must be 
headed along that course. The heading is most 
often taken frorn a magnetic reference and is 
known as a magnetic heading. Because of mag
netic variations, a true heading is often used, giv
ing the actual geographic direction of flight. A true 
heading may not result in a course of the proper 
direction because of drift. The greatest drift is 
caused by crosswinds through which the missile 
flies. This is illustrated by the diagram in figure 
8-15. A true heading is usually chosen that is cor
rect for a course between two checkpoints for a 
long flight, or between the launch point and target 
point for a short flight. The true heading course is 
called a rhumb line, A rhumb line is a straight line 
that intersects all meridians of longitude it crosses 
at the same angle and is therefore a single-heading 
course. A  rhumb line is not the shortest distance 
between two points on the earth's surface.

Gruot Cirelu

The shortest distance between two points on the 
surface of the earth is measured along, a great- 
circle course. Figure 8-16 shows a great circle. A 
great circle connects two points on a line that a 
flat plane would make, on the earth’s surface if it 
passed through the two points and the center of 
the earth. The great circle Is a circumference of 
the earth, and it has the least amount of bending 
and thereby is the shortest distance between two 
points. Most guidance systems arc programmed to 
use the great circle route for navigation.

Figure Rofraefion of Radio Wayoj by TmmpnraturB Inversion
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Figure 8-]5. Navigation Forms

CELESTIAL NAVIGATION

To simplify the concept of the heavens for ce
lestial navigation, it is assumed that the stars are 
on the inner surface of a large sphere which rotates 
about the earth. . See figure 8-17. This is not a 
modem. concept. It was originally proposed by 
Aristotle and his followers. The stars will rotate

together, but the sun, moon, and planets have 
eccentric orbits, and are treated separately. The 
celestial sphere apparently rotates on an axis that 
is an extension of the earth’s axis. At any instant, 
a point or star on the celestial sphere is over a 
corresponding point on the earth because this geo
centric system consists of two concentric spheres. 
By using a sight measuring device, such as a sex-

figure 8-16. Fiona of Groat Circ/a Route from A to B figure 8-17. Celestial Concepts
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hint, and trigonometry, an observer’s position can 
be determined. A navigator, knowing a star’s geo
graphical position on the earth, uses that position 
as the center from which to measure an arc, the 
radius of which is ascertained by his observation 
and calculation. This arc is part of the circle of 
equal altitude, so called because at all points on 
this circumference the star will have the same 
angle above the horizon at that instant. The circle 
of equal altitude is a celestial LOP. The intersec
tion of two celestial LOPs gives a position or fix.

Slars As Navigational References

Although stars give the least amount of light of 
all celestial bodies, they are the most desirable as 
navigation references. One of the reasons for this 
is that they are point-sources of light and can be 
accurately sighted on. They are at such great dis
tances from the earth that light rays coming from 
them arc essentially parallel. This is not true of the 
divergent light source from other celestial bodies.

To an observer on earth there is no relative 
movement among the stars, while there is consid
erable motion among the planets, sun, and moon. 
As the earth rotates in its orbit about the sun, so 
do all the planets. Their distance from the sun 
and their orbits are different from those of the 
earth. This combination of motions when viewed 
from the earth accounts for the apparent erratic 
movements of the planets. For purposes of naviga
tion, stars are considered as fixed to their position 
on the celestial sphere.

Stars arc classified on a brightness scale. This 
scale is known as the magnitude scale, and the 
lower the number, the brighter the star. Those stars 
visible to the naked eye on a clear night are 6th 
magnitude or brighter. Telescopes used for celes
tial navigation of guided missiles have been devel
oped with the capability of “seeing" and locking 
of stars that are not visible to the naked eye. Such 
telescopes can be effectively used during daylight 
hours.

Stars also give off light of different colors (wave
lengths), an important fact when using an elec
tronic device to track them. Certain phototubes 
arc more sensitive to light of a particular color. 
Color-corrected magnitudes are used and the 
tracking device is able to identify a particular star 
by its magnitude and color wavelength.

Celestial Coordinates

The celestial sphere has certain features corre
sponding to those of earth. Because the earth ro
tates within the celestial sphere, latitude and 
longitude cannot be used to determine the position 
of a star. The celestial sphere uses declination and 
sidereal angle for locating coordinates. Declination 
is the celestial latitude in respect to the equinoctial 
or celestial equator. The sidereal hour angle is 
measured westward from an arbitrary meridian 
known as the first point of Aries.

The first point of Aries is the point at which the 
sun crosses the equinoctial line at the time of the 
vernal equinox and corresponds to the prime me
ridian of earth as a starting point for longitude. 
The sun’s path on the celestial sphere docs not 
follow the equinoctial line but rather follows a 
curve called the ecliptic, because the earth is tilted 
with respect to its orbit about the sun. The ecliptic 
reaches its northernmost point at the summer sol
stice and crosses the equinoctial line during the 
equinoxes. The sun's declination varies from 
23°27' north to 23°27' south during the course 
of a year.

Latltudti

Certain small discrepancies develop because of 
the ellipticity of the earth. Three different latitudes 
may be developed for the same spot because the 
world is not a perfect sphere. These are the geo
centric, astronomic, and geodetic latitudes. If you 
refer back to figure 3-11, you will see that the geo
centric latitude is that angle which a line through 
a point to the center of the earth would make with 
the equatorial plane. The astronomic latitude is 
the angle with the equatorial plane that a line per
pendicular to the earth’s surface will make. Geo
detic latitude is the same as the astronomic latitude 
with corrections in the direction of gravity for 
local conditions.

The ellipticity of the earth is exaggerated in the 
illustration. Actually, the ellipticity at latitude 45* 
causes only 11 minutes difference between the two 
latitudes, geocentric and astronomic. Even this 
small difference, if not compensated for, has a 
considerable effect on the accuracy of a long-range 
missile.

As mentioned earlier in this chapter, the great
est problem is predicting the exact location of the
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target ut the time of arrival of the missile, in the 
case of the interceptor missile, the problem is ob
vious. The missile is fired at a moving aircraft. The 
aircraft is moving in relation to the missile and is 
capable of caking evasive action. The missile must 
have superior flight characteristics and computer 
system to out-maneuver its target and score a hit.

Although not as obvious, the same problem ex
ists for a long-range missile flying toward a target 
on the earth’s surface. The target is on the earth 
which is rotating on its axis while revolving around 
the sun. The target is actually moving with ref
erence to inertial space and describes a compli
cated trajectory through space.

The missile does not fly toward the actual target, 
but rather to a point in space at which the target 
is predicted to be at the instant the missile arrives. 
The target is fixed and does not perform evasive 
action. Many forces acting on the missile, however, 
can have the same effect. A very small uncalcu
lated force is sufficient to deflect the missile many 
miles off target on a long flight. The winds, Cori
olis force, and equipment tolerances are some of 
the forces.

The problem of a missile and its path to the 
target is solved through an application of mathe
matics called trajectory analysis. The positions of 
the missile and target are located precisely, and a 
course for the missile is then plotted.

GEOMETRIC COORDINATE SYSTEMS

Because a missile flies in 3-dimensional space, a
3-dimensional coordinate system must be used. 
You are familiar with coordinate systems under 
several names; for instance, latitude and longitude 
arc coordinates.

A coordinate system uses a reference point as 
its center. Normally, this point is the place from 
which the missite is launched. This reference point 
must be precisely located, for it is the source of all 
other measurements. Measurements from this ref
erence to the target are made by several methods. 
The method of making the measurements deter
mines the name of the coordinate system. Of the 
variety of systems, you should become familiar 
with the rectangular or orthogonal, cylindrical, aud 
spherical systems.

Z A X l -

F)gur# 8-18. Reef angular Coordinate!

Rectangular Coordinates

This system consists of three axes which are 
mutually perpendicular to each other at a common 
point as shown in figure 8-18. The point of inter
section is the origin of the system. A point in space 
is fixed by the three distances along x, y, and z 
from the planes formed.by each pair of lines.

Cylindrical Coordinates

In a cylindrical system the position of a point 
is determined by polar coordinates in a horizontal 
plane and the distance along the vertical axis as 
illustrated in figure 8-19. Polar coordinates are 
easy to understand when they are used in speaking

Figure 3-J 9. Cylindrical Coordinates
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of a location as being so many miles NE of a posi
tion. Polar coordinates are a direction (angle) and
a divance (radius) from a point of origin.

%

Spherical Coordinates

The- spherical system is better known as the 
geographic system of coordinates. As illustrated in 
ligure 8-20, the positive location of a point is de
termined by its distance from the origin (the ra
dius), an angle in the horizontal plane known as 
longitude, and the angle from the vertical axis 
called co-latitude. In the sphere, the orgin lies at 
the intersection of the axis with the horizontal 
plane.

Coordinate Applications

In an analytical concept of a trajectory problem, 
the target may be considered the origin of a co
ordinate system. The missile would then be a point 
in space; the objective being to bring the coordi
nate values to zero, resulting in the missile hitting 
the target.

In the case of long-range missiles the most pre
dictable reference point is the center of the earth. 
The target and missile are both represented in 
terms of this coordinate reference or possibly some 
other reference point—for instance, a point fixed 
in space at the predicted intercept point, The equa
tions of motion are calculated, using (he terms 
which define any force affecting the motion of

either the missile, the target, or both. The terras 
are then transcribed to give the equation param
eters in values that the missile guidance and con
trol system can effectively use.

This chapter does not attempt to present a com
plete study of missile trajectory. The purpose of 
this chapter Is to present the principles involved 
in missile trajectory computations and to acquaint 
you with terms with which you should be familiar.
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CHAPTER 9

Guidance Systems

factors to consider in selecting a guidance sys
tem for use in a missile are accuracy, protection 
against countermeasures, distance over which the 
system is usable, dependability and durability, 
physical size of the system, simplicity of operation 
and adjustment, and economy in manufacture.

In the past, emphasis was too often placed on 
the quantity of projectiles a given fire-power could 
deliver. As a result, accuracy suffered. Artillery 
used several rounds to bracket a target, correcting 
until a hit was made. The advent of missiles 
brought the necessity for a “one-shot” barrage 
per target. The expense and complexity of a mis
sile led to the requirement for a very high degree 
of accuracy. The first shot must be right on cen
ter. If it is not, the element of surprise is lost 
and an expensive missile is wasted. This means 
that not only must the guidance be accurate but 
also the pre-launch planning, calculations, and 
adjustments must be precise. Little tolerance from 
calculated requirements is permissible. Accurate 
fire in volume is acceptable, but volume of fire 
as a substitute for accuracy must be rejected.

An ideal guidance in all classes of guidance 
systems is one for which there can be no counter
measures. Prior to countermeasure must come de
tection. A missile that emanates a radiation or 
uses one generated by the launching vehicle is 
detectable at the target at ranges equal to or 
greater than that at which the missile itself can 
sec the target. The target can then lake measures 
to evade or neutralize Us attacker. A missile that 
uses a signal or radiation generated by a friendly 
source for guidance overcomes such countermea
sures by using extremely high speed or by short 
time of flight. The target defense then does not 
have time to react after it detects the missile.

The distance over which a guidance system can 
function dictates the use to which it is put. A 
system of limited range is best used for close 
targets, as in the case of aircraft interception. The 
longer range systems are used as offensive bomb
ers.

The field of view of a system is important. If 
the missile has a large error at the beginning of 
a flight and can still determine and strike its 
target, it is more valuable than a missile which 
is limited to a narrow zone of approach.

Physical and electrical factors become impor
tant in the tactical movement of a missile. Its 
size, the nee4 for min&num maintenance and re
placement, ease of storage and operation, and 
economical manufacture are all considered in the 
design of new equipment.

As the field of missile development progresses, 
the concept of range keeps pace. At the start, 
short range was classified as that which was within 
visual limits. This was later extended to a missile 
that flics less than 25 mites. The definition of long 
range has gradually expanded from that of several 
hundred miles to the global range of 6000 miles 
or more.

In the next few chapters, some systems are 
covered for the historical background only; As 
systems evolve, the old ones become obsolete. 
Even so, the parent systems are worthy of con
sideration in the interest of understanding the 
reasons for trends in present systems.

This does not mean that equipment will be in
creasingly complicated as time goes on. By com
bining principles and making accurate compo
nents, certain refinements in present systems will 
no longer be necessary. These refinements only 
exist to compensate for possible signal errors in
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il»o first place. In the end an uncomplicated, ac
curate system is hoped for and anticipated.

A type of guidance is not necessarily used for 
anv one missile. An inertial system, for example, 
is used in a number of missiles. The guidance unit 
in an air-to-air missile could also be used as the 
terminal guidance in a surface-to-surface missile. 
Certain guidance systems, such as radio com
mand, arc primarily used during research and de
velopment to check on flight characteristics of 
the missile. Other systems, which also employ a 
radio link between missile and controller, are 
used in testing and instrumentation.

The use of a combination of guidance systems 
makes possible the division of a missile flight into 
phases. In the case of a missile that contains more 
than one type of guidance equipment or in which 
the guidance equipment operates for only a por
tion of the flight, the flight can be divided into 
phases which are defined by the type of guidance 
equipment operating.

A standard flight breakdown into phases which 
would fit all types of situations is not possible. 
Some missiles have a flight consisting of but one 
or two phases, while other more complex systems 
have a flight consisting of four phases, with some 
of the phases subdivided into periods.

All missiles have an initial or launch phase. 
During this phase, the missile becomes airborne. 
Often, because of the acceleration due to propul
sion thrust during launching, no guidance system 
is working. Reasons for this are covered later. 
In specially designed systems the guidance equip
ment can operate during the launch phase. The 
launch phase is then combined with a later phase 
of flight.

In the more complex systems, a calibration 
phase follows the initial phase of flight. During 
the calibration phase, the midcourse guidance sys
tem is supervised by an external system and cor
rected to the proper trajectory. The calibration 
phase lasts until the missile system is aligned, with 
the minimum error, to the desired trajectory.

The mhicourse guidance phase follows the 
initial phase of flight in most medium- and long- 
range systems. Midcourse guidance is the primary 
system in these missiles because it must guide 
the missile through the major portion of its oper
ation. It must be extremely accurate because of 
the great distance over which it functions.

As a result of the required guidance accuracy, 
the midcourse guidance system contains the great
est refinements in circuitry and components and is 
the most difficult to understand. At periods when 
midcourse guidance is not able to function, there 
may be provisions for replacing the guidance sig
nal with a standby system.

Terminal guidance is the final phase of con
trolling the flight of a missile. It is the phase in 
which the missile makes contact with its target. 
A short-range guidance system that allows the 
missile to home on its target with minimum error 
is used. It may also be that the terminal guidance 
is an inertial system whose accuracy depends upon 
the accuracy of the midcourse system. The infor
mation available to a terminal inertial system is 
the error information supplied by the midcoursc 
guidance, up to the time when the terminal system 
took over.

The division of phases of a flight into periods 
is somewhat more arbitrary than the division of 
the flight into phases. This is true because of dif
ferent requirements and principles of operation 
of various guidance systems. Although a flight is 
separated into phases, no hard and fast rule can 
be used to determine this separation. Allowances 
must be made for the ingenuity of guidance sys
tem design in which the functions, as outlined by 
the several phases, may be combined into a com
mon time or phase of operation.

SECTtON A

Shorf’Range Guidance Systems

Short-range guidance systems can be divided 
into two general types: preset and command. A 
preset system of guidance falls into the category 
of a self-contained system. The intelligence neces
sary for flying the midcourse and terminal phases 
of the flight is entered into the missile before it 
is launched. The usual definition of preset guid
ance includes only a simple system that defines 
heading, altitude, time or length of flight, and 
programmed turns.

In a command guidance system, the missile 
receives correction signals from an external source. 
A correction signal is a command that activates 
the controls for a definite time in a specific di
rection. Do not confuse it with an error signal
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which is the detected discrepancy from the re
quired course, altitude, altitude, or speed- Or
dinarily, the guidance system detects the missile 
position error and then develops the correction 
signal. After the correction signal is properly 
formed, it is fed into the control system.

PRESET GUIDANCE SYSTEM5

A preset system of guidance is completely self- 
contained . A simple preset system can be sepa
rated into two functions: one function is to deter
mine the heading and the other is to determine 
the distance of flight. This portion of the explana
tion is divided into two corresponding sections. 
Various means of accomplishing each of the func
tions are considered.

The most obvious form of heading reference 
is (hat using the earth’s magnetic field. For many 
years the magnetic compass and its refinements 
have served as a heading reference. A control 
arrangement, using the gyrosyn compass, is an 
example of a preset reference for heading. The 
yaw gyro of a control system is another typical 
example of a preset reference. If a yaw gyro is 
not capable of being preccssed by an external 
source of intelligence while in flight, the heading 
set in prior to lauch controls the path of the 
missile.

The length of flight can also be determined 
in a simple fashion. The distance a missile has 
flown can be determined by the use of an air log 
or by integrating the average velocity of flight 
with the time of the flight. An air log consists of 
a small propeller of known pitch, turning a 
Veeder-root counter. Through a precision gear 
box connecting the propeller and counter, the 
counter can be made to show miles, feet, kilo
meters, or an arbitrary measure of distance.

Air pressure developed by missile movement 
can be used to make an airspeed meter give ap 
indication of velocity. By integrating (summing 
the average) airspeed over the. time of the flight, 
a continuous check of the distance flown is ob
tained. This method has the same accuracy as 
the air log, and the only reason for choosing one 
over the other is the availability of components.

The latter method makes use of standard equip
ment but usually requires an electronic installa
tion. The air log equipment is all mechanical,

merely energizing a switch or relay at the dump 
point.

The simplest form of a preset system, as used 
in almost all missiles, is known as launch bias. 
Because of the tremendous acceleration occurring 
during the launch of a missile, the mechanical 
and electromechanical components do not always 
function properly. To take the missile through 
this initial stage of its flight, fixed control and 
throttle setting arc made before the launching 
takes place. These control settings are calculated 
for a stable climbout during the initial acceleration, 
until the regular guidance and controls can take 
over.

In addition to heading and distance, a third 
aspect of flight exists. This aspect consists of alti
tude reference. An altitude transducer is used 
to control the height of the missile flight. An alti
tude transducer is an altimeter with an electric 
output. The simplicity and accuracy of the alti
tude transducer have resulted in its remaining as 
the primary altitude control or reference in even 
the latest guidance systems in aerodynamic mis
siles.

The preset system was the earliest of the meth
ods of guidance, and in some form will un
doubtedly be the longest in use. The settings for 
launching missiles are always necessary whether 
they are made manually as with the surface-to- 
surface missiles or automatically as set in by gun- 
sight computers in air-launched missiles, and 
whether they last for many minutes as in the 
World War II missiles or for mere seconds as 
in many present systems.

COMMAND GUIDANCE SYSTEMS

A command guidance system is one in which 
the flight path of the missile is controlled from a 
source outside the airframe of the missile. This 
definition necessitates certain basic operations. 
First, some tracking device must determine the 
positions of both the missile and the target, either 
continuously or at designated intervals. Some 
missions may require that only the missile be 
tracked, not the target. This would be true in 
the case of an air-to-surface missile used against 
a stationary target. Second, some operation 
must be performed to interpret the tracking in
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formation and compute the guidance signals to 
be transmitted to the missile. Third, some method 
must be provided for transmitting the command 
sigm >s to the missile. Usually, the command sig
nals are relayed by some form of radio link. Fi
nally, the missile must be equipped to receive, 
interpret, and use the command signals so desired 
changes in the flight path may be produced. There 
are numerous methods of accomplishing these 
operations.

Uae« of Command Guidance

Command guidance systems have many uses. 
Besides its use as the primary system, the com
mand guidance system is used in some form in 
most missiles as an auxiliary or secondary system. 
Only the very short-range missiles use the com
mand, system as the primary guidance function. 
For example, some of the VB, GB, and JB series 
used during World War II were guided by com
mand signals until impact. The Azon was a stan
dard general-purpose bomb equipped with a spe
cial tail assembly. This tail assembly contained a 
small radio receiver, a control servosystem, and 
movable vertical fins or rudders. The receiver cir
cuits received command signals transmitted from 
the mother aircraft and converted these signals 
into ah error voltage. The error voltage was 
coupled to the servosystem which caused the rud
ders to move in a direction determined by the 
polarity of the error voltage. The bombardier con
trolled the Azon in azimuth, from drop to impact, 
visually tracking it with respect to the target.

The range over which a command system can 
be successfully operated is limited, since command 
guided missiles must always be tracked either 
visually or by optical or radar equipment. If opti
cal tracking methods are employed, the range is 
further reduced by darkness, clouds, and other 
visibility-limiting factors. Instead of being guided 
completely by command signals, missiles frequent
ly use a common system in conjunction with some 
other system of guidance. In combination systems, 
the command unit performs certain specialized 
operations. Probably the most frequent use of a 
command link is to guide the missile from the 
launcher to a point where it is in a position for 
some other type of guidance system to take con
trol. For example, command guidance is used in

conjunction with a beam-rider system to guide 
the missile into the radar beam. Once in the beam, 
the beam-rider equipment could take control and 
guide the missile to the target. A second example 
is the use of a command system in conjunction 
with a stcllar-supervised guidance system. After 
launching, the missile is guided to a previously 
calculated point in its flight path by some form of 
command guidance. After the missile reaches this 
point, the star-tracking telescopes locate and lock 
onto the previously selected stars and guide the 
missile on the midcouise phase of the mission.

An important application of command guid
ance is its use as a safety feature during missile 
test flights. All missiles launched from test ranges 
within the continental United States are re
quired to have a fully operational command guid
ance system in addition to the guidance system 
being tested. The command system serves as a 
secondary means of controlling the missile if the 
primary guidance system fails to operate satis
factorily.

It is possible that a failure of the primary guid
ance system could cause a missile to fly into popu
lated areas. In the event that tracking data shows 
a missile to be out of control, the command sys
tem is used to take control and guide the missile 
back to the range or, as a last resort, destroy it. 
Destruction is achieved through a command de- 
struct channel in the missile equipment which, 
when actuated, detonates an explosive charge. 
This explosive charge will blow off the wings 
or rupture the fuselage. The objective is to destroy 
the aerodynamic characteristics and stability in 
some way and cause the missile to come to earth 
in an unoccupied area.

One of the main disadvantages of a radio com
mand system is that it limits the number of mis
siles that can be launched within a given interval 
of time. This may be very important in a tactical 
operation. Each missile must be tracked and con
trolled separately from the control station. If sev
eral missiles were launched simultaneously, sig
nals intended for one particular missile might 
easily be received by and change the path of some 
other missile. By us? of different command signal 
frequencies, two or more missiles may be launched 
and controlled simultaneously from the same con
trol station. But even this technique docs not 
permit an unlimited rate of fire.
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A further disadvantage of these systems is their 
susceptibility to jamming. Countermeasures de
signed to jaip a command guidance system are 
most likely encountered near the target area. From 
the standpoint of defense, such countermeasures 
require that the signals transmitted to the missile 
receiver be capable of overriding or jamming the 
signals from the command guidance system. This 
requires a knowledge of the frequency used in the 
guidance system of the attacking missile and the 
time required to initiate jamming countermeasures.

In general, for command guidance systems, a 
wide range of frequencies must be made available. 
Allowance must be made for control frequency 
changes on short notice, and for the use of coding 
systems to hinder the possibility of jamming the 
command system.

Command Guidance Techniques

There have been many approaches, some quite 
ingenious, to the problem of command guidance. 
Perhaps the most straightforward of the early 
approaches was a multiple transmitter and re
ceiver installation. In this arrangement the con
trolled craft had a separate receiver for each com
mand function to be performed. The transmitter 
was either multiple or capable of transmitting its 
carrier on any of the several radio frequencies for 
which the receiver was tuned. This system had 
an advantage in that no channel interaction was 
experienced, but it had the disadvantage of being 
bulky and requiring too wide an RF spectrum. 
Because of the number of receivers, only the most 
simple and, therefore, insensitive receivers could 
be used.

The natural refinement to this type of system 
was the use of tone channels. By modulating the 
transmitter with various audio frequencies, it is 
possible to use one RF carrier and receiver. 
After demodulation of the carrier in the receiver, 
the audio frequencies are used to excite the tone 
channel, which is resonant to the particular fre
quency for the function they perform. In the all- 
RF system, the number of functions capable of 
being accomplished was limited to about four, 
because of space and channel requirements. By 
using a tone-modulated system, 10 audio channels

can be used without undue complications. Then 
by proper combinations of the audio channels, 18 
or more functions can be performed. In new 
"miniaturized" equipment, 20 primarv channels 
are available, giving a possibility of many more 
functions.

The tone-modulated system developed new in
terference problems which become apparent es
pecially in the running of development tests where 
accuracy is a necessity. Interference from other 
sources containing the frequency of a tone used 
for a control function causes a missile to react. 
Often a harmonic or sideband of a voice-modulated 
signal contained frequency components sufficient 
to upset a whole operation. The change to fre
quency-modulated systems eliminated much of 
this interference. Manmade interference of an 
FM nature still could create difficulties. To over
come this, coding combinations of the tone chan
nels were devised. Certain operations could not 
take place in the craft unless several selected 
tones appeared at ;he receiver simultaneously. 
The chance that an interfering source could dupli
cate this combination was negligible.

Command Transmitters. The RF channel 
of the command transmitter is not unlike any other 
FM or PM transmitter, as evidenced by figure 9-1. 
A quartz crystal is used for stability and accu
racy of the carrier output. The modulation of 
the carrier must necessarily follow the oscillator 
if stability is to be retained. After modulation, 
the necessary stages ol RF multiplication raise 
the carrier frequency to an output in the VHF 
band. The power amplifier furnishes the RF power 
necessary to send information through space to 
the receiver.

Notice in the diagram that in the lower audio 
channel the peculiarity of command equipment is 
evident. A group of audio tone generators are 
present. Each generator operates only when it 
is actuated by the circuits in the keyer, which 
may be manually controlled or computer con
trolled. The individual outputs of the tone gen
erators are mixed together into a composite audio 
signal and applied through the audio pre-emphasis 
network to the modulator.

The pre-emphasis network maintains the audio 
signal-to-noise ratio at optimum operating con-
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Figure 9-1. Command Transmitter

ditions for the overall system (including the re
ceiver). The function of this network is to 
emphasize the higher audio-frequency tones which 
are later deemphasized in a network of opposite 
characteristics in the receiver. This operation 
causes the signal-to-noise ratio to remain more 
constant throughout the audio range. Because the 
noise appearing with the signal consists of high 
frequency components, the pre-emphasis and de
emphasis on the audio frequencies need be per
formed only in this range.

Command Receiver. The circuits of the re
ceiver shown in figure 9-2 are those of a standard 
FM communications receiver with some added re
finements. Ordinary superheterodyne connections 
are used through the second detector. At the 
limiter stage preceding the detector, the limiter 
grid current, which is proportional to the strength 
of the incoming carrier, operates a carrier fail

Figure 9-2. Command Receiver

relay in case the carrier should get too weak. The 
transmitter carrier is usually left on, even if no 
modulation is being sent, so the receiver will have 
a means of determining whether it is continuing 
to receive a signal.

After amplification, the discriminator (detector) 
output is applied to the selector channels. These 
selector channels and their operation make the 
receiver unique in its application. There is one 
selector channel for every tone that the transmitter 
may send. The selector channel, a breakdown of 
which is presented in figure 9-3, is usually an 
amplifier with a bandpass filter at the input and 
a relay in the output circuit. The selector tube is 
held below cutoff bias until the tone to which the 
input filter is tuned appears. This tone is passed 
by the filter and appears on the grid, causing plate 
current to flow. The plate current flowing in the 
coit of the relay energizes the relay, completing 
the circuit for performing the desired function.

Figure 9-4 shows a variation of the preceding 
selector channel. The tuned feedback is adjusted

CUTOFF BIAS
Figure 9-3. Selector Channel using Bandpass Filter
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Figur« 9-J. S«/acfor Channel using Tuned Feedback

to aid the audio amplifier in amplifying only the 
Jesired frequency signals. Detection of the signal 
i> then made before applying it to the relay ampli
fier.

A rather unique combination for issuing com
mand signals is the use of tracking radar and 
command receivers. To extend tracking ranges 
on the relatively small missiles which offer poor 
radar return, a radar beacon is installed in the 
missile. This radar beacon transmits a much 
stronger echo pulse than the echo that would be 
returned on skin track (without the beacon).

The radar beacon is a small receiver and trans
mitter operating in the tracking radar band. The 
receiver has circuitry that only accepts a radar 
signal with a definite pulse separation. The re
ceiver responds only to a certain coded interro
gation. If the proper pulse combination is received, 
the beacon transmitter sends out a pulse of RF.

The transmitter operates on a slightly different 
frequency than the exact frequency of the radar. 
The radar receiver is tuned to this slightly dif
ferent frequency so it can detect the beacon sig
nal without having it confused by the ordinary 
return of the radar transmitter.

The beacon receiver can also be arranged to 
accept command signals. An additional set of 
coded pulses is added to the transmitted signal 
from the radar, arranged to give some intelli
gence such as a command tone. The beacon set 
accepts these signals and channels them into a 
Jifferent function, which decodes them for the 
intelligence they contain.

This intelligence is impressed on the radar 
signal as pulse position modulation. This modu
lation gives the autopilot its commands just the 
same as a human controller voices his commands

to a pilot over the radio communications circuit. 
Pulse position modulation requires but two pulses 
per sampling cycle to give one intelligence chan
nel. It is possible to include other intelligence 
channels in one sampling cycle by tone modula
tion, as was explained earlier. The beacon inter
rogation pulses are also in the pulse train received 
from the radar. The position of the modulated 
pulse is varied back and forth about its resi 
position at an audio rate. The number of intelli
gence channels is limited because of the limitation 
of audio modulation which can be accomplished 
by the sampling frequency and because of the 
fact that the radar PRF (which is the sampling- 
rate) is dictated by the maximum required range 
of the radar set.

Examine the diagram in figure 9-5. Note how 
it is possible to use the beacon as a command 
receiver.

Trace the path of a signal through the dia
gram to show the transition from the pulsed RF 
input to the sine wave audio output. The receiver 
converts the RF signal to a set of video pulses 
which are separated by the pulse selector. The 
first pulse is used to start the multivibrator and 
the second modulated pulse is used to stop it, 
thus producing a square wave. This gives a square 
wave of varying width. The varying width follows 
the excursions of the modulated pulse. An inte
grator forms a saw-tooth wave whose amplitude 
varies with the width of the square wave. The 
pulse position or time difference in the received 
signal is converted to the amplitude difference of 
a sawtooth wave with a frequency the same as 
the radar PRF. The sawtooth waves of varying 
amplitude are fed into a frequency selective am
plifier, and all components except the funda
mental modulating frequency (which is evidenced 
by the amplitude variations) are removed. The 
resulting sine wave output then excites the relay 
amplifier and institutes the desired control func
tion.

The criterion for selection of tones to be used 
in any command system requires that there be no 
possibility of a false signal being created through 
interaction of other signals. The audio tones 
must be kept below a certain frequency to limit 
the sidebands. Any harmonic of any tone, or beat 
note of any combination of tones, must not be 
able to actuate a receiver channel which is not
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Figuri 9*5. Combinofron Rodor Beacon and Cammond Receiver

desired. The practical bandpass characteristics 
of the selective circuits make it difficult for them 
to be high "Q” ; therefore, the separation between 
tones must be even greater than if high high MQ” 
circuits could be used. A set of frequencies to 
satisfy the above conditions requires quite a bit 
of study.

Inasmuch as the commands are so closely tied 
in with the control section, the control capabilities 
or requirements usually dictate the method of con
trolling the modulation of the command link.

In devising the control unit for keying the 
transmitter, the ultimate in development is pro
portional control. This means that a signal is 
sent which is just large enough to correct the 
particular error and no more.

A contrasting method of control is an on-olT 
system, which means full-strength control applied 
for the period of the command signal. An example 
of the on-off system is control by a stepper box. 
The stepper box is a control box whose main com
ponent is a four-way toggle switch mounted so 
that its movement simulates that of an aircraft 
control stick. The operator merely holds the 
stick in the proper position to bring about the 
desired change.

It is not too difficult to realize what the normal 
outcome of this type of control could be. A pilot 
controller commands a function until it is evident 
to him what is taking place. At this time, the 
controls are well advanced so that there is a

greater movement of the craft than desired. A 
countercommand has to be sent to correct this 
overcontrol. The missile then tends to follow an 
oscillating course which, if not properly damped, 
could become uncontrollable,

The closest approach to remote proportional 
control is a method by which the controller is 
varied in small increments to obtain smooth ac
tion and to allow the aircraft to receive the 
control necessary to produce an exact amount of 
change. The equipment in the missile follows 
these incremental moves exactly. This is done 
with a pulsing arrangement, much like the se
lector actuated by a telephone dial. The com
mand operator elects the number of pulses to be 
sent. Each pulse produces an incremental change 
in the desired missile control unit. The unit would 
be a selsyn or some other type of pickoff. The 
pulse repetition rate is determined by the pulsing 
equipment, just as it is in the free rotation of a 
telephone dial.

In order not to lose the reference position, the 
operator may automatically step the missile unit 
to the position by pressing an index button. This 
indexing arrangement checks for lost or extra 
pulses. The index usually requires the use of an
other channel in the command equipment. Actu
ation of the indexing channel causes the selector 
in the missile to return to a reference point.

Radar Command Guidance. The variation 
◦f command guidance that employs the use of
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Figure 9-6. Radar Command Guidance

radar equipment to perform both the tracking 
and directing operations is illustrated in figure
9-6, This method is especially applicable to 
surface-1o-air missiles, where both the missile and 
the target must be tracked to obtain command 
signals to guide the missile. In figure 9-6, one 
radar tracks the target while another radar tracks 
and sends commands to the missile.

The target-tracking radar obtains a continuous 
llow of information which gives the slant range, 
elevation angle, and azimuth angle i>f the target. 
At the same time, the missile-tracking radar is 
keeping a continuous account of the slant range, 
elevation angle, and azimuth angle of the missile. 
Figure 9-7 shows the relationship of these three 
factors. The information obtained by the two 
tracking radars is fed to a computer unit which 
compares the data and issues the corrections to 
the missile-tracking command radar. The computer

controls changes in the missile flight path; when 
the slant range of the missile is equal to that 
of the target, the missile will also have the same 
elevation angle and azimuth angle as the target. 
When these conditions are satisfied, a collision of

Figure 9-7. Slant Range, Elevation Angle, 
and Azimuth Angle
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the missile and target will result. The missile 
uses some type of proximity fuze to detonate the 
warhead when the missile and target come within 
a calculated distance of each other.

The use of one radar system for both tracking 
and transmitting command signals forms a rather 
unique combination. Such a combination can be 
designed to extend the tracking range for rela
tively small missiles which might ordinarily offer 
a poor radar return. This problem can be solved 
by installing a radar beacon in the missile. When 
properly triggered, the beacon transmitter will 
transmit a much stronger pulse back to the ground- 
based radar receiver than the echo that would 
normally be returned because of the small size 
of the missile.

The beacon in the missile is a small receiver 
and transmitter operating in the ground-based 
tracking radar band. The receiver section of the 
beacon has circuitry that will accept only those 
signals from the tracking radar that have a defi
nite pulse separation. The beacon transmitter 
does not operate on exactly the same frequency 
as the tracking radar, but on a slightly different 
frequency. The tracking radar receiver is also 
tuned to this frequency. This permits the tracking 
receiver to distinguish the signal transmitted by 
the radar beacon from the reflected return of the 
missile-tracking radar.

In addition to its functions relative to tracking, 
the radar beacon receiver in the missile may be 
designed to accept command signals from the 
missile-tracking radar. To accomplish guidance, 
an additional set of coded pulses is added to the 
signal transmitted by the ground-based tracking 
radar. The arrangement of these pulses deter
mines the information contained in the command 
signal. The radar beacon receiver in the missile 
accepts these coded command signals and routes 
them through a network which decodes them for 
the guidance information they contain. This in
formation is impressed on the signal from the 
ground radar as pulse position modulation which 
gives the missile its guidance commands.

Pulse position modulation requires two pulses 
per sampling cycle to give one intelligence channel. 
The output of the ground radar contains both the 
missile beacon interrogation pulses and the com
mand signal pulses. The position of the modulated 
pulse is varied back and forth about its rest po

sition at an audio rate. Consequently, the number 
of intelligence channels is limited by the audio 
modulation which can be accomplished by the 
sampling frequency. The sampling rate depends 
on the operating range of the radar set.

A one-radar system might also be used where 
the target is stationary. Knowing the geographic 
coordinates of a target and the capabilities of the 
missile, a desired trajectory can be computed 
prior to launching. After launching, one radar is 
used to track the missile and compare its actual 
path with the desired path. When deviations of 
the missile from the desired trajectory arc detected, 
command signals are transmitted to the missile 
to produce the necessary corrections,

Short-Range Hyperbolic Navigation

The range of hyperbolic navigation depends 
upon the radio frequency used as the carrier. If 
a short-range navigation system of good accuracy 
is desired, hyperbolic principles can be applied to 
accomplish this. By using microwaves, a small, 
highly directive antenna can be contained in the 
missile without interfering with its aerodynamic 
characteristics. The main problem is to eliminate 
errors in the received signal by discriminating 
against skywaves. The directional characteristics 
of the antenna are narrow in the vertical plane 
and fairly wide in the horizontal plane. An im
portant effect of the directional receiver antenna 
is that it has gain. It: actually does the same job 
as an RF amplifier connected to a standard dipole 
antenna. Also, its directional characteristic de
creases the possibility of countermeasures by 
jamming. Most of the skywave discrimination 
exists because transmitted energy can be com
pressed in the vertical pattern, and the line-of- 
sight transmission to the missile affords little 
opportunity for interference from multipath sig
nals.

This discrimination against skywave interfer
ence is necessary in the synchronization of the 
ground stations. The synchronizing pulse must be 
transmitted via a direct, constant path to be 
accurate. There should be no variable factors such 
as skip effect which would alter the transmission 
of synchronizing signals. Establishing a condition 
in which these variable factors do not alter the 
transmission poses a greater problem with UHF
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systems using a base line longer than the line-of- 
sight distance. A means which does not introduce 
any varying or unpredictable delays is used to 
relay the synchronizing signal. The transmitter 
stations have precision tinting signal generators 
whose outputs are used to modulate RF trans
mitters that are typical for the band employed. 
They use the same sort of circuitry as would a 
radar transmitter in the same band. The slave 
ground station also requires, for the synchronizing 
signals, a receiver that is quite similar to the 
reception equipment used in the missile. The 
transmitters must have high power output to give 
a high signal-to-noise ratio at long ranges. The 
separation between ground stations is normally 
limited to less than 100 miles because of the lim
itation of linc-of-sight distances. This short base 
line would result in a very short-range system if 
a three-station (one master and two slaves) sys
tem were used. The lines of position (LOP) in 
such a setup would cross at an extremely obtuse 
angle and would make an accurate fix difficult 
for any point located at any distance from the 
base line.

A four-station system has the advantages of 
both the line-of-sight transmissions and long base 
line systems. Two pairs of stations are used; each 
pair consists of one' master and one slave oper
ating on the same frequency, and they are properly 
synchronized. The pairs of stations are separated 
by some distance so that the resulting hyperbolic 
grid system has the LOP more nearly normal to 
one another in the desired target areas. Figure 
8-4 in the preceding chapter shows a two-station 
grid at nearly right angles, the target points would 
be more positively located because of the LOP 
crossing at angles closer to a right angle.

One pair of guidance base stations is used to 
give the azimuth guidance hyperbola. One time 
difference line of this pair (a hyperbola) is chosen 
that will cross the target area and thus serve as 
the desired track of the missile. The guidance 
equipment within the missile can determine when 
the received signal pulses have the proper time 
separation and show the on-course condition. If 
the received guidance signals do not have the 
desired time difference, the guidance equipment 
can determine whether the difference is greater 
or less than the on-course condition, thus de
termining whether the missile is right or left of

the desired course. The error signal from the 
guidance section is then sent to the control sys
tem for processing into the proper control cor
rection in yaw.

The other pair of guidance base stations is 
used for range determination. A particular lime 
difference line of this system is calculated to pass 
through the correct point for instituting the term
inal phase of the flight. The intersection of this 
range line and the course line gives a fix at the 
predump point. The missile guidance equipment 
develops a voltage output proportional to. the 
distance from the preselected target point. This 
varying output voltage approaches zero at a rate 
proportional to the velocity of the missile.

This output voltage is converted to a voltage 
proportional to the rate of change of the output 
voltage. This proportional voltage is then a mea
sure of the missile groundspccd. Circuits are 
necessarily incorporated to correct for the hyper
bolic expansion, because adjacent lines become 
farther apart as the distance from the base sta
tions increases. The groundspeed signal is neces
sary in the terminal phase to alter the dive path 
so the missile will not overshoot or undershoot 
its target as a result of airspeed error from the 
preselected speed.

The output of the range portion of the guidance 
equipment decreases to zero volts, at which time 
the terminal guidance takes over. The missile 
then makes an approach, contacting the target 
area under terminal guidance.

Figure 9-8 illustrates the operation of the 
guidance equipment which might be located in a 
missile. The signals are received at the missile 
by a directional microwave antenna which is lo
cated so as to receive signals from the rear. A 
cover is placed over the end of the antenna, 
designed to hold air pressure around the antenna 
and transmitter at sea-level pressure no matter 
what the altitude of Right, The cover also prevents 
entry of moisture.

The two receivers form the beginning of the 
range and azimuth channels, as shown in the fig
ure. The single local oscillator frequency is midway 
between the range and azimuth carrier frequen
cies. The resultant IF is then the same for each 
channel. The mixer is a crystal, located in the 
tuned-cavity coaxial connectors coupling the mixer 
output to the respective IF amplifier.
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Figure 9*8. Short-Range Hyperbolic Missile Guidance
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The IF amplifiers are stagger tuned to provide 
a bandwidth wide enough to preserve the shape 
of the short signal pulses. The output of the IF 
stages is demodulated by a crystal detector. The 
video section which follows then brings the signal 
level up to that required by the computing cir
cuits.

The computing circuits first identify the master 
and slave pulses and then compare the time dif
ference between them to the desired time differ
ence. In the azimuth channel, the desired time 
difference represents an on-course condition. In 
the range channel, the desired time difference 
represents the beginning of the terminal dive 
phase.

Identification of the pulses is necessary for 
two reasons. First, the slave signal must be dis
tinguished from the master signal so that the 
proper signal becomes the reference. Second, 
false signals caused by noise or enemy jamming 
must be prevented from controlling the equip
ment. Each signal must possess some peculiar 
characteristics so that it may be positively identi
fied. This positive identification is done by sending 
a pulse train of two or more pulses in place of 
a single pulse from each transmitter. The pulses 
may be coded by using certain amplitude differ
ences, pulse width, pulse separation, number of 
pulses, or some combination of these methods.

When time difference coding is used, the two 
slave and the two master signals contain two 
pulses each. In either channel, the slave signal 
has a different pulse separation from the master 
signal. Two decoders are used in each channel 
to identify the master and the slave signals.

The output of the range channel computer 
determines the groundspecd. The computing cir
cuits are constantly measuring the distance from 
the missile location to a preselected (zero) hy
perbola near the target area. The output of the 
computer is a constant DC voltage until the missile 
comes within a given range in the range hyper
bolic grid. At this given range, the DC varies in 
proportion to the range from the preselected zero 
hyperbola. This constantly decreasing voltage can 
now be differentiated to indicate the rate of 
change of range time differences (crossing of 
range hyperbolas) as the 2ero hyperbola is ap
proached. The operation becomes missile veloc
ity*

The changing DC output of the computing cir
cuits is also applied to another circuit where the 
signal amplitude at any given moment is an indi
cation of the range time difference (range-to-go). 
The phase of the wave denotes approach to the 
2ero hyperbola or passage beyond this point. At 
a preset voltage level following passing of the 
zero hyperbola, a relay is activated, causing the 
control system of the missile to take over. The 
controls then determine the dump or dive point 
after precise automatic corrections of the range- 
to-go voltage.

Beam-Rider Guidance

Beam-rider guidance has its primary use in air- 
to-air or surface-to-air missiles, ft requires that 
the launching vehicle and guidance radar remain 
fixed on the target until the interception is com
plete.
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The beam rider was one of the first of the 
interception or antiaircraft automatic guidance 
systems. It wa$ a logical development from the 
automatic tracking radar for gun direction which 
was developed to a high level during World War 
II. Although highly successful against conven* 
tional aircraft of that period* such a system is 
limited by the range of the antiaircraft artillery 
and is not sufficiently accurate or flexible for 
effective use against modern aircraft and guided 
missiles. An interceptor missile launched on a 
fixed trajectory might miss the target because of 
evasive action by the target or pointing errors at 
launching, even though the tracking radar could 
easily maintain its track of the target. If the 
missile could be made to follow or “ride*’ the radar 
beam* the. possibility of a hit would be greatly 
increased, and so the idea of a beam-rider guid
ance system was conceived.

Beam-rider guidance is a system in which the 
missile senses its position in the radar beam and 
corrects itself to remain in the center of the beam. 
The original phn was to have the ground radar* 
which was tracking the target aircraft, control 
the interceptor missile. Because this radar beam 
was moving continuously, the missile was sub
jected to sideward accelerations which tended to 
strain its aerodynamic capabilities.

A two-radar system was then devised* consist
ing of a tracking radar and a control radar. The 
output of the tracking radar is fed into a director 
computer which points the control radar at a 
predicted target position. The missile is launched 
into the control radar beam and rides it toward 
the predicted target position. Continuous correc
tions for this position must be made, but the beam 
movements and the missile movements are very 
small as compared to those of the tracking radar.

A one-radar system is used in the air-to-air 
version of the beam rider. This means that the 
launcher aircraft, the missile, , and the target air
craft have to remain in line at all times. It is 
possible to fire missiles in sequence with a half 
second or so separation, controlling more than 
one missile at a time.

Consider a missile which is intended for use 
with an associated pulse-modulated radar system. 
The target ia such a system is detected by d i- ' 
recting a beam of pulsed high-frequency radio 
energy in a preset pattern over the space to be

searched. When the beam strikes an object, energy 
is reflected, and a small portion of the reflected 
energy is returned to and detected by the radar 
system. The beam is narrow, so the direction of 
the target is known. Since the energy is pulsed* 
the elapsed time between the transmission of the 
pulse and the receipt of its echo gives a measure 
of the range.

The projected beam is not fixed with respect 
to the axis of the antenna reflector but is caused 
to trace a cone in space by nutation or rotation 
of the central antenna feed. Rotation is the spin
ning of the antenna dipole* slightly offset from 
the reflector focal point* to produce a conical 
pattern. Nutation moves the antenna in circular 
position about the focal point without varying its 
polarization; that is* the antenna remains in a 
horizontal or vertical plane throughout its cycle 
of nutation. Nutation of radar antennas is a much 
more efficient method of conical scanning because 
the returned signal always has the same polariza
tion as the antenna. In rotating feed, the polari
zation of the returned signal always slightly lags 
the antenna position and thus gives a weaker 
signal than if the antenna were properly polarized.

A target on the axis of the reflector always has 
the same echo amplitude for all positions of the 
beam. If the target moves away from the beam 
axis, the echo signal varies approximately sinus
oidally with the rotation of the beam. The re
flected signal can thus identify the target displace
ment from the reflector axis in direction. For 
small target deviations, the error signal amplitude 
indicates the amount of displacement. The axis 
of the conical trace of the radar beam tracking 
the target provides a line-of-sight route. The prob
lem concerns the method of controlling the missile 
to fly along an automatically maintained path or 
to ride the beam. To accomplish this, the missile 
must be able to sense when it is on the beam axis. 
If displaced, the missile must know the direction 
and degree ol displacement.

The missile has no internal phase reference as 
does the radar tracking system. The modulated 
signal of the beam must furnish the necessary guid
ance information. In addition to other functions, 
the beam is modulated so that it can either furnish 
the missile with the sensing information in a one- 
radar system or command the missile in a two-
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radar system. The basic idea of radar command 
control has already been covered.
' Tn a single radar system the spinning beam of 
the director radar impresses signals on the beam 
to identify the position of the missile about the 
beam axis. These identifying signals may be in 
the form of coded pulses transmitted while the 
director radar antenna is in a specific quadrant. 
This coding could be in the form of pulse-time 
modulation applied to every other tracking pulse 
and used in a system as shown in figure 9-9. This 
pulse-lime modulation, when detected in the pulse 
position detector of the missile receiver, would 
direct the error sine wave to the position channel 
at the conical spin or scan frequency, which is 
usually about 30 to 60 cycles per second.

This reference frequency is compared in the 
position channel phase demodulator to the sine 
wave resulting from the amplitude modulation on 
the received pulses. The reference frequency is 
then phase-delected to give the direction of error. 
Correction is obtained to return the missile to 
the center of the beam in the up-down axis and 
right-left axis.

In a system using quadrant identification sig
nals, the signals are employed in the missile con
trol system. The tracking pulses arc not used by 
the missite. With such an arrangement, jamming 
is more difficult since the coding of the pulses by

ihc lime spacing between them is the only informa
tion desired. The quadrant signals can be thought 
of as turn commands— UP. DOWN, RIGHT, 
LEFT. If the missile is on the axis of the cone, 
all turn signals balance, and the missile continues 
its flight without correction. If the missile is dis
placed from the cone axis, one signal overbalances 
the other. The missile obeys the stronger signal 
to turn back toward the beam axis.

Beam-rider guidance data received by the mis
sile anlcnnas is detected and sent as coded pulses 
to the guidance receiver. After sufficient video 
amplification has been accomplished, the signals 
are decoded in suitable coincidence circuits and 
then filtered and transmitted to the control system 
as up-down and right-left error signals. These 
signals appear as electrical voltages proportional 
to the missile deviation from the beam. The con
trol system then institutes appropriate action to 
correct any off-course error.

The beam-riding missile can be distinguished 
by the fact that the antenna or antennas for guid
ance are located on the aft section, or rearward 
looking from the missile.

To pick up the echo signal would be detrimen
tal to the guidance system within the missile itself. 
Because of the dispersion and scintillation of the 
returned signal there would be confusion as to the 
quadrant identification. The guidance antenna

DEFERENCE CHANNEL

TO SERVO AMP5
Figure 9-9. Beam-Aider Receiver using Puls* Position Reference
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system of a beam rider, therefore, has its pickup 
lobes to the rear of the missile.

Because of the low traffic-handling capabilities 
of a beam-rider system, it is of limited use.

SECTION  B
Long-Range Guidance Syperils

This section presents various methods of mis
sile guidance for long-range missiles. These guid
ance systems include inertial, celestial navigation, 
hyperbolic, and terrestrial reference and magnetic 
systems.

INERTIAL GUIDANCE SYSTEMS

Of the many types of automatic guidance sys
tems, the latest and most important developments 
pertain to the inertial system. In its simplest terms, 
inertial guidance can be described as a type of 
guidance which is complete within itself. It needs 
io exterior energy or radiation source to deter
mine its course. It emits no signal, and it does 
not depend on ground equipment to operate it 
once the missile is launched.

Inertial guidance is especially advantageous for 
missiles. Since it sends no signal and receives no 
signal, it cannot be jammed. Also, it is almost 
impossible io detect or intercept. It is not influ
enced by weather conditions. Missiles can be 
launched and guided accurately to the target 
with all corrections for winds, atmospheric con
ditions, and other factors automatically made in 
flight. The inertial system is presently considered 
the best guidance system for use against stationary 
targets.

During flight, the system computes its present 
position, altitude, and velocity; and it applies vari
ous compensations to its computer circuits. These 
corrections minimize the errors introduced into 
the system by gravity, Coriolis, gyro unbalances, 
and the non-sphcrical shape of the earth.

An inertial guidance system makes use of New
ton's second law of motion which states: “An 
unbalanced force acting on a body causes the body 
to accelerate in the direction of the force, and the 
acceleration is directly proportional to the unbal
anced force and inversely proportional to the mass 
of the body.”

Acceleration is the rate at which velocity is 
increasing. The law also applies to deceleration, 
which is the rate at which velocity is decreasing. 
The acceleration of a body is proportional to the 
outside force exerted upon it. In an inertial sys
tem. missile acceleration is measured by means 
of the inertial force of acceleration upon a mass. 
Since this acceleration has an effect on flight, 
the inertial guidance system changes the flight 
path to compensate for undesirable changes in 
missile accelerations.

Inertial guidance may be used with an atmos
pheric missile, either air- or surface-launched, 
that flies a level flight path within the atmosphere, 
or it may be used with one that flies a ballistic 
path.

The ballistic trajectory is often used to describe 
the flight path of a missile. An operational ballistic 
missile may acquire speeds up to 15,000 mph or 
better at heights of several hundred miles. At 
the present time the speeds of such craft are con
sidered unlimited, being governed only by avail
able materials and design knowledge. Baljistic 
missiles are the type least likely to be intercepted. 
Usually inertial guidance is used for a ballistic 
trajectory only during the very early part of the 
flight (up to fuel cutoff) to establish proper veloc
ity for a hit by free fall.

Inertial guidance can be used on both short- 
and long-range missiles. Regardless of the trajec
tory or flight path, complete control by inertial 
guidance requires detection of accelerations along 
the three axes of movement: (1) movement to 
right or left along the pitch axis, known as lateral 
motion; (2) movement forward or aft along the 
roll axis, called longitudinal motion; and (3) 
movement along the yaw axis, producing an alti
tude change. Note that the term “along” an axis 
rather than “about” or “around” an axis is used. 
Along an axis means parallel to the axis.

Basic $yit«m Operation
All inertial guidance systems are similar in 

basic operations. In contrast, different missiles 
may use different methods and electronic circuitry 
to accomplish the same basic functions. Discus
sion on inertial guidance in this manual covers 
one specific and proven operational system.

The three basic elements of any inertial system 
relating to a specific flight problem are accclcr-
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figure 9*TO. Measuring Pvnduiout Movement

ometers, memory devices, and gyroscopes. Even 
ihe most sophisticated of inertial guidance systems 
today hove some counterpart to these three basic 
elements.

Accelerometers. Two accelerometers are 
used in a typical inertial system. One accelero
meter measures speed changes along the desired 
flight course, while the other measures lateral 
speed changes; that is, those to the left or right of 
course. A simplified drawing of an accelerometer 
is shown in figure 9-10. The direction of the pen
dulum motion indicates either acceleration or de
celeration, and the extent of speed change is 
reflected by the amount of angular deflection of 
the weight. The pendulum weight (mass) rotates 
when any speed change occurs. Attached to the 
pendulum is a contact arm which rotates with the 
pendulum. The angular rotation of the entire in
ner element produces an electrical voltage, pro
portional to the rotation, which is picked off by 
the wiper arm. When no speed change is taking 
place, no electrical signal is generated. The polar
ity of the electrical signal depends on whether 
acceleration or deceleration has taken place.

figure 9-12. Combining

The second basic element in an inertial guidance 
system is a memory or integrating device, which 
memorizes the speed changes that have taken 
place. The simplest memory device is an electric 
motor. The direction of rotation depends on the 
polarity of the applied voltage. The larger the 
voltage applied to a motor, the faster the motor 
runs. The faster the motor runs, the more motor 
shaft rotations result in a specific length of time.

A gear train can be attached to. the motor to 
provide a reduction in the amount of speed and 
movement of the wiper arm (figure 9-11). Shaft 
A, coupled to the motor, drives shaft B through 
a gear train arrangement. Attached to shaft B 
is an electrical contact arm which rotates and 
develops an electrical signal proportionate to the 
motor speed. With the wiper arm starting at the 
bottom of the resistance element (zero speed), 
the amount of movement toward maximum speed 
will indicate the speed of the missile.

To obtain an airborne speedometer, the pendu
lum accelerometer and the simple motor memory 
device must be combined. See figure 9-i2. Since 
the pendulum registers zero in the prclaunch po
sition, the speed memory is stationary. As the 
missile starts to gain speed, the acceleration pro
duces an electrical signal which energizes the

and integrator
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figore 9-13. Distance Traveled indicator

motor, which drives the wiper arm of shaft B 
along the potentiometer. When the missile stops 
accelerating, the pendulum returns to the zero 
position, stopping the motor. The wiper arm will 
remain in this position, memorizing (recording) 
the missile speed as long as there is no accelera
tion or deceleration.

To obtain the distance the missile has traveled, 
the use of an additional memory device is required. 
This consists of a second motor connected elec
trically to the wiper arm driven by shaft B (figure 
9-13). As soon as voltage registers on the first 
potentiometer, the second motor begins to rotate, 
driving a wiper arm along another potentiometer.

When the missile has attained a constant speed, 
the pendulum will return to vertical, motor 1 will 
stop, and motor 2 will continue to run at a con
stant speed. Any change in acceleration or de
celeration will cause the cycle to be repeated, 
changing the speed of motor 2.

Since the distance from the launch point to 
the target is known, distance to go can be com
puted using another circuit— distance to target. 
If the signals from distance traveled and distance 
to target are connected to an amplifier circuit 
(figure 9-14), a continuous indication of distance 
to go can be computed. The signals from the two 
circuits are subtracted in the amplifier, and when
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(OUTPUT AXIS)
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the resultant is zero, the missile will be on target 
as shown by the display meter.
' An accelerometer and two memory devices 

provide the speed and distance traveled in the 
direction in which the accelerometer is pointed. 
In the normal flight of a missile, external forces 
can cause it to roll, pitch, and/or yaw. For the 
accelerometers to function properly, a means of 
keeping them properly oriented, regardless of 
missile angular motions, is required. In other 
words, the accelerometers must be stabilized. This 
is accomplished by mounting three gyroscopes on 
the same mechanical platform as the accelerom
eters.

G y r o s c o p e . To use the gyroscopic principles 
in an inertial guidance system, the case (figure 
9-15) is attached to a stable platform. Any rota
tion of this platform in the direction of axis IA 
will precess the gyro around axis OA. From an 
electrical pickoff system, a signal proportional to 
the precession (deviation of the platform from a

AFM  52-31

given orientation) can be measured. The gyro is 
attached to a support frame (gimbal ring) that 
holds the platform. When the gyro spin rotor axis 
is normal to the stabilized platform, the wiper 
arm is in the center of the electrical pick-off. Any 
rotation about the input axis will result in the 
precession of the gyro. The signal from the pick- 
off is sent through the amplifier to the gimbal 
stabilizing motor, which turns the platform (gim
bal) until the pick-off signal is nulled or zero. 
This action returns the platform to its original 
oriented axis.

The gyro serves the purpose of memorizing the 
original position of the platform on which it 
is mounted. In actual operations, the desired 
platform orientation (established before missile 
launch) automatically centers the gyro rotor for 
zero output. Since any platform rotation will pre- 
cess the gyro and drive the gimbal. motor to 
reposition the platform for a null signal, the sta
bilized platform will retain its oriented position.

1 July 1972

RANGE ACCELEROMETER 
PLATFORM AND DRIVE AXIS

RANGE ACCELEROMETER 
AND PLATFORM

RANGE GYRO

TRACK ACCELEROMETER

figure 9-Id. Sfobto Platform
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A missile may perform three different angular 
motions; i.o., roll, pitch, and/or yaw, at the same 
time; therefore, it is necessary to use three gyro
scopes. Each gyro memorizes a single axis in space 
and must be mounted on a common platform, 
which allows the missile to go through its normal 
angular motions with a minimum of disturbance 
to the gyro platform.

S t a b l e  P l a t f o r m . For the missile guidance 
equipment to compute missile position, measure
ments must be performed with respect to a phys
ical reference which is related to the guidance 
geometry. This physical reference is the stable 
platform. Before Right, the stable platform is 
oriented to the launch point vertical and the tar
get azimuth, which jointly define the reference 
Right path. (See figure 9-16.)

The two accelerometers, range and track, are 
also mounted on the stable platform with their 
input axis aligned such that one senses accelera
tions in the range direction (along the flight path) 
and the other senses accelerations in the track 
direction (left or right of the flight path). The

1 July 1972

track accelerometer is mounted directly to the 
stable platform. The range accelerometer is 
mounted on the range accelerometer platform 
which is mounted to the stable platform through 
trunnions. The range accelerometer platform is 
driven in such a manner that the range acceler
ometer input axis remains perpendicular to the 
local vertical. Drive elements for the range ac
celerometer platform are also mounted on the 
stable platform.

Other functional assemblies on the stable plat
form are a two-degree-of-freedom pendulum, 
which provides erection signals, and an alignment 
mirror and drive, which are used during erection 
to orient the stable platform about its yaw axis.

M e c h a n i c a l  F i l t e r . The mechanical filter, 
shown in figure 9-17, is used to filter transient 
and quadrature voltages. Mechanical filters are 
used in both the range and track second integra
tion loops. The mechanical filter is a heavily vis- 
cous-dampod device, using a low-inertia, 2-phase 
motor. The motor drives a shaft which positions 
the rotor or a resolver.

AFM 52-31
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When the velocity signal to the filter drive 
amplifier changes there arc two outputs from 
ibe. filter drive amplifier. One output is sent to 
the proportional channel and the other goes to the 
integral channel.

The proportional channel signal is applied 
across an RC network to the integral amplifier. 
The signal is then amplified and applied to the 
motor of a motor-tachometer group. The motor 
starts changing the rate of MTA (missile track 
angle) or MR A (missile range angle) shaft rota
tion, providing fast response to a velocity signal 
change.

The integral channel signal is applied to the 
motor of the mechanical filler. The motor is a 
2-phase motor, which operates only when the 
input signal is 90° from the motor excitation. 
This eliminates quadrature voltages since they arc 
either in phase or 180* out of phase with the 
motor excitation.. The output of the motor is 
mechanically applied to the resolver by a  shaft 
which positions the rotor of the resolver. The 
output of the resolver is applied to an RC net
work to compensate for the phase shift caused 
by the inductance of the resolver. The integral 
signal is first applied to the integral amplifier and 
then to the motor of the motor-tachometer group, 
resulting in a corrected MTA or MRA signal. 
Tachometer feedback is applied to the filter drive 
amplifier, canceling the input signal.

B r a k e - C l u t c h . The brake-clutch (figure 9- 
18) allows the memory potentiometer to be posi
tioned during gyro erection and holds the potenti
ometer stationary after the missile is launched.

The input shaft of the brake-clutch is attached 
to a clutch plate. A second clutch plate and brake 
plate arc mounted on the output shaft which 
passes through a retainer wall. Attached to the 
wall is a stationary brake plate. One end of a 
spring fits in a racetrack in the wall, and the 
other end is connected to the output shaft. A 
part of the output shaft is made of magnetic ma
terial which acts as a plunger in a coil. External 
to the brokc-clutch assembly is a memory poten
tiometer which is connected to the output shaft.

During gyro erection, a DC voltage is applied 
to the coil, causing the output shaft to move to 
the left. This movement compresses the spring 
and engages the clutch plates. Rotation of the 
input shaft is then transmitted through the dutch 
plates to the memory potentiometer.

Schuler T uning. For the accelerometer to 
sense only horizontal accelerations, it is necessary 
at all times to have an exact indication of the 
local vertical or gravity vector. If not, a compo
nent of gravity is sensed as well as accelerations, 
and an error develops. To prevent errors in the 
computation of MRA caused by ' this gravity 
component, the range accelerometer platform 
must be driven through an angle equal to MRA 
and at a rate equal to the angular velocity of the 
missile over the surface of the earth. To accom
plish this, the range accelerometer platform drive 
loop must have a definite response time. The 
response time of the loop must be equal to one- 
quarter of the time of a cycle of a pendulum hav
ing a length equal to the radius of the earth. A

Figure 9-18. Broke C/ufch
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pendulum of this length will have a period of 
84.4 minutes, or it would make one complete 
oscillation in 84.4 minutes. This system of tuning 
the loop to a definite response time is called 
'Schuler Tuning" in honor of Dr, M. Schuler, 
who discovered the principle.

G y r o - S t a b i l i z e d  P l a t f o r m . The gyro-sta
bilized platform provides the reference from which 
all missile movement is measured. It provides a 
fixed launch point coordinate reference for the 
missile guidance set, The platform is erected and 
aligned prior to launch.

The operations related to the stable platform 
arc alignment of the platform, memorization of 
the platform position, compensations, and sensing 
of deviations with the associated corrections. These 
operations are performed in the stabilized plat
form by its five types of functional loops and a 
mirror drive loop. A vertical sensing element and 
mirror drive loop are used to establish the orien
tation of the platform prior to launch. The sta
bilization loops maintain this orientation as a 
reference and the accelerometer loops measure 
horizontal accelerations of the missile with respect 
to this reference.

The stable platform consists of three gimbaled 
rings. The outer ring or pitch gimbal is mounted 
to the support gimbal which physically engages 
the housing of a measurement unit and is rigid 
with the frame of the missile: The middle ring or 
roll gimbal is mounted to the pitch ring. The inner 
ring or yaw gimbal is mounted to the roll gimbal. 
Mounted rigidly to the inner ring are three sta
bilization gyros and two accelerometer gyros.

At the end of each axis, mounted between pairs 
of rings, are data boxes which supply electrical 
information proportional to the angular relation
ship of the rings. At the other end of the axes, 
mounted between pairs of rings, are torque motors 
which control the angular relationship.

S i g n a l  R e s o l u t i o n . During missile flight, the 
stabilization gyros might not sense the full missile 
movement because of the misalignment of the 
gimbal and missile axes. Signal resolution resolves 
or corrects for gyro signals which do not represent 
a pure error for the particular missile movement. 
By resolving these gyro signals, proper platform 
stabilization is assured. The block diagram shown 
in figure 9-19 represents a typical inertial system

and shows the various signal paths to control the 
missile in flight.

The range gyro senses missile movements about 
an axis perpendicular to the range plane. The 
tangent gyro senses missile, movements about .in 
axis tangent to the range plane at the launch point. 
The vertical gyro senses missile movements about 
□n axis which is vertical or coincident to the 
launch point vortical. The outer gimbal mounting 
for the stable platform is the pitch gimbal, the 
middle mounting is the roll gimbal, and the inner 
mounting (or stable platform) is the yaw gimbal. 
Since all three stabilization gyros are mounted 
on the stable platform, a specific gyro input axis 
could become misaligned with respect to the plat
form gimbal axis and hence the missile axis.

The vertical gyro, being mounted on the yaw 
gimbal, cannot have its input axis misaligned with 
respect to the platform gimbal axis. No resolution 
is required for an error signal from this gyro. The 
tangent gyro axis can only be misaligned with the 
roll gimbal axis by a movement of the yaw gimbal. 
Signal resolution is required about or with respect 
to the yaw angle for an error signal from the 
tangent gyro. The range gyro axis can be mis
aligned with the pitch gimbal by a movement of 
either the roll or yaw gimbal. Signal resolution 
is required about or with respect to both the roll 
angle and the yaw angle for an error signal from 
the range gyro.

One way to determine when resolution is re
quired is to remember the platform gimbal orien
tation. The pilch gimbal is about the roll and yaw 
gimbals, so pitch (range gyro error signal) must 
be resolved about both roll and yaw. The roll 
gimbal is about the yaw gimbal only, so roll (tan
gent gyro error signal) must be resolved about 
yaw. The yaw gimbal is about no other gimbal, 
so no resolution is required for yaw.

In determining what the output will be from 
one of the gyros whose input axis can be displaced 
from the platform gimbal axis, it must be under
stood that the input axis will be displaced by an 
angular movement. When the input axes of the 
gyros are not displaced, they will each sense a 
particular movement of the missile; i.e., range 
gyjo-pitch; tangent gyro-roll; and vertical gyro- 
yaw. For example, if a missile yaws 90*, the range 
gyro will sense no pitch but all of the roll, while 
the tangent gyro will sense no roll but all of the
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pitch. Two rules for resolution about yaw may 
be formulated:

• The gyro which would normally sense the 
error will sense (or give as an output) the cosine 
of the yaw angle limes the amount of error. Ex
ample: When a yaw angle exists and the missile 
pitches, the output from the range gyro will be 
pitch times the cosine of the yaw angle.

• The gyro which would not normally sense 
the error will sense (or give as an output) the sine 
of the yaw angle limes the amount of error. Ex
ample: When a yaw angle exists and the missile 
pitches, the output from the tangent gyro will be 
pitch times the sine of the yaw angle.

Resolution of pitch or roll about yaw may be 
developed as follows (figure 9-20):

The output of the range gyro when a yaw angle 
exists is

Pitch X cos yaw angle (1)
The output of the tangent gyro when a yaw 

angle exists is
Pitch X sin yaw angle (2)

The signal induced from PI to SI is 
Pitch X cos yaw angle X cos yaw angle 

=  pitch X cos2 yaw angle (3)
The signal induced from P2 to SI is 

Pitch X siu yaw angle X sin yaw angle 
=  pitch X sin2 yaw angle (4)

Adding (3) and (4)
Signal from SI — ( pitch X cos2 yaw angle)

+  (pitch X sin2 yaw angle)
=  pitch (cos2 yaw angle

4-sin2 yaw angle)
From trigonometry: co$24-sin2= l  
Therefore, the signal from SI to the pitch gim

bal torquer motor =  pitch X 1 or the full pitch 
error.

The signal induced from P2 to S2 is
Pitch X sin yaw angle X cos yaw angle (5) 

The signal induced from PI to S2 is 
-Pitch X cos yaw angle X sin yaw angle 

(negative value) (6)
Adding (5) and (6)

Signal from S2= (pitch X sin yaw angle 
X cos yaw angle) (7)

4- (-pitch X cos yaw angle 
X sin yaw angle) (8)
=  0 (9)

Therefore, the signal from S2 to the roll gitri
bal torquer motor is zero.

To illustrate the resolution of pitch about yaw, 
assume the following conditions: (a) yaw angle 
=  30° and (b) the missile pitches with a force 
=  lOv.

The output of the range gyro is
Pitch X cos yaw angle —10 X cos 30° (1)

The output of the tangent gyro is
Pitch X sin yaw angle =  10 X sin 30* (2)

After resolution
Output =  pilch X sin2 yaw angle4-pitch *

X cos2 yaw angle (3)
=  10(sin2 3 0 °+ cos1 30*)

=  I0(0.524-0.8662) (4)
=  10(0:254-0.75) (5)
= lOv (6)

Therefore, the output of the resolver is the full 
amount of pitch. Resolution of roll about yaw 
can be done in the same manner.

The resolution of pitch about roil is performed 
by the secant pot which is positioned by the plat
form roll gimbal. If the platform roll gimbal be
comes displaced because of a roll angle, the range 
gyro will not sense the full amount oH he pitch 
movement; or

Output of the range gyro, when a roll angle 
exists, is

Pitch X cos roll angle ( l )
This signal is multiplied in the secant pot; or 

Pitch X cos roll angle X sec roll angle (2) 
From trigonometry: The secant of an angle is 

the reciprocal of the cosine, or
Output=pitch X cos roll angle

X
1

= pitch (3)cos roll angle 
As a result, the pure pitch error signal is used 

to reposition the pitch gimbal, keeping the stable 
platform at the launch point orientation.

'3*
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By resolving the outputs of the range and tan
gent gyros, when necessary, it is assured that the 
stable platform will retain the launch point orien
tation.

The basic rules of signal resolution can be 
summarized as follows:

« Pitch is resolved about roll and yaw.
• Roll is resolved about yaw.
• Yaw is not resolved.
• Phase output of a given pitch will remain 

the same for either direction of yaw.

•  Phase output of a given roll will remain 
the same for either direction of yaw.

A c c e l e r o m e t e r  S e r v o  L o o p s . The outputs 
erf the range and track accelerometers provide the 
signals for inputs to the range and track computers 
and pulling loops. These computers use these 
inputs to determine such parameters as missile 
position, heading, velocity, and distance.

Since the range and track accelerometer servo 
loops arc similar in operation, only the range 
loop is shown (figure 9-21). The accelerometer

1 July 1972

R A N G E  VELO CITY  

T O  R A N G E  2 N D  
i n t e g r a t o r  LOOP

Figure 9-21. Range Acceleromeier Servo Loop
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servo loops, known as the first integration loops, 
have three functions:

1. They memorize the drift of the accelerom
eters.

2. They integrate acceleration, Ax or Ay, with 
respect to time to compute velocity, Vx or Vy.

3. They generate a signal which will null the 
float of the accelerometers.

Memorization is accomplished during checkout. 
Since there is no acceleration on the accelerome
ter, any output of the signal microsyn will be 
caused by drifting of the gyro. The output, after 
preamplification, is sent to the range acceler
ometer integral amplifier. This output will drive 
the motor tachometer in the memory integration 
unit. The motor will position the memory pot 
through the brake-eiutch (which is acting as a 
clutch). The output of the' memory pot will be 
sent through the heated resistor network and the 
range accelerometer torque microsyn. This will 
cause the gyro to process an amount equal to the 
drift rate of the gyro. Memory is completed which 
deactivates the brake-dutch and locks the mem
ory pot at its last position, applying a constant 
voltage for use as memory,.

The integration of Ax to get Vx is accomplished 
by the simultaneous operation of two channels: 
proportional and integral. The proportional chan
nel provides the fast response necessary to assure 
accurate measurement of acceleration. The inte
gral channel provides the accuracy and maintains 
the null float signal. (The integral channel senses 
the changes in acceleration to be summed and 
stored so that the acceleration can be remembered 
even though the float is nulled.) The proportional 
channel is the straight output from the pre-ampli
fier to the range accelerometer servo-amplifier. 
It provides immediate action for any output from 
the accelerometer which would indicate a change 
in the acceleration. The range accelerometer ser- 
voamplifier and the associated motor tachometer 
is the point at which the actual integration of Ax 
to Vx occurs. The proportional input to this in
tegration enables the circuit to respond faster and 
thus have a more accurate Vx. The mechanical 
output from the motor is converted to an electrical 
Vx by the shaft position of R102 which is sent 
to the range computer or the second integral loop. 
The integral (summing) channel uses part of the 
same circuit that was used for memorization. The

output from the preamplifier, besides being sent 
as a proportional signal, is sent to the range 
accelerometer integral amplifier, causing the motor 
tachometer to drive the integral pot through the 
clutch-brake which acts as a clutch during flight. 
The output of the integral pot is applied to 1 ho 
scrvoamplilier along with any proportional signal 
present.

Nulling the float or turning the case to process 
the accelerometer to null is accomplished by the 
motor tachometer and shaft which computed Vx. 
This shaft will turn the accelerometer case end- 
over-end about the input axis which gyroscopi- 
cally precesses the accelerometer to null. The 
accelerometer must always be nulled after sensing 
acceleration because the force of acceleration fell 
at an angle; that is, other than at 90° (nulled), 
will not be a true force of acceleration. When the 
acceleration is changing, there will be a propor
tional signal aiding the integral (summing) signal. 
The integral channel sums Ax, allowing it to 
become constant and has no proportional signal 
output.

Refer again to the range accelerometer servo 
loop shown in figure 9-12. Accelerations displace 
the float of the range accelerometer. This float 
displacement develops a signal in the signal mi
crosyn. For a posilive acceleration, the output is 
zero phase. For a negative acceleration, the out
put is pi-phase. The output of the signal microsyn 
is applied to the range accelerometer preamplifier. 
The output of the preamplifier is applied at two 
places: ( l ) to the proportional channel for fast 
dynamic response to accelerations and (2) to 
the integral channel for the summation of acceler
ation changes.

When subjected to a positive constant acceler
ation, the action of the proportional channel is 
as follows: The proportional channel signal is 
applied through relay K1002 and to the range 
accelerometer servoamplifier. The output of the 
servoamplifier is applied to the motor-generator 
set MG 102. Tachometer feedback is applied to 
the servoamplifier for stability. The motor drives 
a shaft that performs two functions: (1) it posi
tions the velocity potentiometer R102 and (2) it 
turns the accelerometer case end-over-end about 
the input axis. This rotation of the accelerometer 
applies a force to the gyro which precesses the 
wheel mass and the float toward the null condi-
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lion. As the float approaches null, the output 
from the signal microsyn decreases. The output of 
the, preamplifier decreases proportionally. MG102 
drives at a slower rate, causing the accelerometer 
cases to turn end-over-end at a reduced rate. 
A< this point, the float is displaced away from 
the null condition once again, and the cycle of 
proportional channel servo loop action is repeated.

The action of the integral channel for the con
ditions of positive constant acceleration is as 
follows: The output of the preamplifier is applied 
to the integral channel through relay K1Q05 as 
an input to the range accelerometer integral am
plifier. This output is fed to the motor-generator 
group MG l in the memory integration unit 
A 1029. Generator feedback is applied to the in
tegral amplifier for stability. The motor drives 
a shaft, positioning the integral potentiometer R1 
in the. memory integration unit. The signal taken 
from R1 is proportional to acceleration and is 
applied to the servoamplifier. In conjunction with 
the proportional channel, the output from R1 
continues positioning R102 at an increasing rate 
and turning the accelerometer case end-over-end 
until the float is nulled, After the float is nulled, 
the output of the signal microsyn will be zero. 
The integral channel continues turning the acceler
ometer Case at a constant rate, keeping the float 
nulled as long as the acceleration remains con
stant. The output of R102 continues to increase 
at a rale proportional to acceleration. The output 
of R102, range velocity, is fed to the second 
integration loop.

During alignment and erection of the stable 
platform, the memory potentiometer R2 in the 
memory integration unit is positioned to store 
earth rate and gyro unbalances. During flight, R2 
is held fixed by brake-clutch MP2. The output 
of R2 is sent to the heated resistor network, where 
it is combined with the range accelerometer com
pensations. The signal from the network is sent 
to the range accelerometer torque amplifier, where 
ii is amplified and sent to the torque microsyn. 
The torque microsyn then turns the float at a 
rate to correct for gyro unbalances, earth rate, 
and Coriolis.

The track accelerometer servo loop operates 
the same way as the range loop except for the 
compensations. Both accelerometers receive mem
ory, vertical, and horizontal Coriolis compensa

tions. The track accclcrdmctcr receives, in addi
tion, on- and olT-course gravity compensations 
and sin MTA. The relays in both loops arc used 
during checkout lo reset the velocity potentiom
eters and the integral channels.

Computers and Programmers
Computers and programmers constitute the 

"brains” of the inertial guidance system. These 
units compute elapsed distance and guidance sys
tem corrections and decide when the missile should 
begin to assume a new c o u t s c  or altitude flight 
path. The system must contain computer circuits 
to resolve the navigation problems.

Computer C ircuits. The term analog, used 
many times in reference to the inertial guidance 
(1G) system computers, means the system is a 
mechanism which operates to solve mathematical 
problems involving certain quantities in terms of 
other quantities. For example, the guidance sys
tem performs the job of computing missile course, 
including the heading, altitude, and distance in
formation. These computations are not in terms 
of thousands of feet, or miles per hour, or degrees 
of magnetic heading, but rather in terms of elec
trical signals with different phases, polarities, or 
amplitudes.

Once appropriate data is translated into electro
mechanical terms, the system can perform a wide 
variety of operations. Addition, subtraction, 
multiplication, integration, and differentiation are 
representative of the computations that are neces
sary to generate accurate navigational information. 
The computations are completed almost instan
taneously, even as (he input quantities are chang
ing.

The system receives its information in the form 
of shaft rotations and potentiometer and amplifier 
voltages. The individual circuits make , up the 
computers in the IG system and are designed to 
perform one or more of three general functions: 
mixing, Integration, and rate control.

Mixing. Often two or more sources of informa
tion must be considered in computing a desired 
output. Whether the output is to represent the 
sum or difference of the separate units, a common 
reference must be available to bring together the 
different points. The most common means of 
accomplishing mixing action is through the use 
of parallel resistor or amplifier networks.
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fniegratiott. One definition of the term integrate 
is “To indicate the whole of, to give the sum or 
total of." For this purpose, the definition may be 
expanded to read: The integral or sum total clfect 
of a quantity is proportional to input amplitude 
multiplied by the time the input exists.

Applying this definition to missile quantities, 
the integral of missile acceleration at a rate of 5 
miles per hour per second (assuming zero velocity 
at the start) for a duration of 5 seconds equals 
a velocity of 25 miles per hour. A velocity of 25 
mph is the integral or total effect of that rate of 
acceleration lasting that period of time.

To put the above problem in computer terms, 
an electrical voltage representing the rate of accel
eration is applied to a variable speed motor. A 
motor is inherently an integrating device. The 
higher the input signal, the faster its output shaft 
turns per unit of time. The longer a given input 
is applied, the more total turns its shaft will make 
before stopping.

Assume that an integrator is a motor which 
turns exactly 10 revolutions with an input signal 
of I volt lasting l second. An input of 5 volts 
for 5 seconds represents the missile acceleration 
conditions. The motor should make 250 revolu
tions before stopping. The output of an integrator 
is directly proportional to the product of the 
amount of the quantity to be integrated and the 
length of time that particular amount is present. 
If the input is of a small constant value lasting 
for an extremely long period of time, then the 
integral output will steadily increase at a constant 
rate during the entire period that the input is 
present.

Another basic characteristic of an integrator

is linearity. This means that if a motor-integrator 
drives a total of 10 turns with an input of I volt, 
then it should drive 20 turns for 2 volts, 30 turns 
for 3 volts, and so on. This linearity of response 
can be accomplished by the addition of an ampli
fier and a tachometer-generator.

The amplifier increases the amplitude of the 
input, causing the motor to drive at a faster rate. 
The tach-generator produces an output voltage 
which is proportional in amplitude to the rate of 
drive of the motor shaft. The faster the motor 
drives, the larger is the tach-generator output. If 
the motor is not driving at all, then the tach does 
not produce an output.

A feedback path is provided for the tach-gcn- 
erator output back to the amplifier input. As the 
input signal increases, the motor drives faster. 
The tach-gcnerator feedback also increases, op
posing the increase. With carefully matched am
plifiers, motors, and inch-generators, an extremely 
accurate linear integrator can be made (figure 
9-22).

Rate control. The tachometer-generator and 
resistive feedback path to the input of the inte
grator amplifier serve to perform the task of 
controlling the rate of response of the integrator 
to a given input. By proper adjustment of the 
raic-controlling elements in the 1G system, the 
linearity and accuracy of the computer circuits 
can be controlled. Rate controlling circuitry most 
often takes the form of attenuating resistances in 
amplifier feedback and signal input paths (figure 
9-23).

Programmers. Basically, a programmer is a 
form of timer, or more specifically, it can be de
scribed as a time-delay device used to control a

figure 9-22. Linear/ntsg rater
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specific function during a predetermined time 
period or condition. The word condition is im
portant because it describes the principle of oper
ation of the programmers in the 1G system. These 
components control the starting and stopping of 
certain inflight guidance functions—not in terms 
of clock lime but in terms of distance the missile 
has flown since leaving the launch point.

Both altitude and track deviations, in addition 
to other functions, are initiated by the track and 
altitude programmers which must carry out their 
missions without benefit of any outside timing or 
triggering signals. They are surprisingly simple 
ip construction and operation. The guidance sys
tem programmers provide a means of steering 
commands concerning variations in flight profile 
and certain other functions such as warhead arm
ing. guidance monitor, and limited range-to-go 
sienals.

A guidance programmer command could be 
as follows: “ Fly 400 miles down the range plane; 
then go to a new course 20 miles to the left.” 
Notice that this command contains two pieces of

information: (1) when to change course and 
(2) where the new course is to be. In other words, 
the time at which the deviation is to begin is in 
terms of range distance.

A very simple mechanism can be constructed 
by mounting a movable cam on the output shaft 
of the range distance integrator. The cam being 
movable can be offset from its zero position to 
different values of shaft rotations or range dis
tance.

The distance the missile should travel after 
it changes course can be set in by an electro
mechanical analog computer which uses electrical 
signals to represent quantities in the guidance 
problem. A voltage taxen from a potentiometer 
can be used to represent the value of deviation the 
missile is to make. Through the use of a manually 
variable potentiometer, the desired value of devia
tion (figure 9-24) can be set in the system.

The arrangement for altitude deviations is iden
tical to the one just described except that the 
output of the programmer is routed to the climb- 
dive section of flight controls rather than to the
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steering section. The initiation of altitude devia
tions is also timed in terms of range distance.

The examples shown in figure 9-24 apply the

I July 1972

same basic principles as those found in the track 
and altitude programmers of the guidance system. 
The actual circuits appear more complex because
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ihoy must allow programming for more than one 
track or altitude deviation. Each is composed of a 
scries of duplications of a very simple circuit.

A ltitude Co m p u ter . The altitude computer 
shown in figure 9-25 consists of two sections: the 
altitude' repeater circuit and the altitude demand 
circuit. The inputs to the computer are pressure 
altitude to the altimeter and programmed altitude 
deviation signals from the altitude programmer. 
The outputs arc altitude demand signals to flight 
controls, pressure altitude (Zh) to the radius of 
curvature computer, and vertical velocity to the 
accelerometer compensation computer. The alti
tude computer operates as a difference computer. 
It compares the desired altitude with the actual 
altitude to provide error (demand) signals to the 
flight controls.

The altitude repeater circuit contains an altim
eter which measures the rate of change of alti
tude and sends the signal to an integrator circuit. 
This gives Zh as an output from the motor and 
Vz as an output from the tachometer. The output 
from the motor portion of the integrator positions 
three potentiometers (R2082, R2083, and R2084) 
and also nulls the altimeter as a function of alti
tude so it can sense further changes in altitude.

If the missile is on altitude control, a difference 
between ramp altitude (R2081) and Zh (R2084) 
will be measured by the altitude error amplifier 
and sent to flight controls as an error (demand) 
signal. If the missile is on air-speed control, the 
output difference of the amplifier is fed back into 
the ramp altitude circuit to keep the ramp circuit 
matched with Zh. As the missile goes on altitude 
control, the ramp circuit is set up and ready to 
accept altitude deviation signals.

The altitude demand circuit operates as a sum
mation network when the missile is on altitude 
control. Programmed altitude deviation commands 
from the altitude programmer are compared with 
the voltage from the ramp altitude feedback, 
R2080, in the relay amplifier. When there is a 
difference, the climb or dive relay is energized 
and the specific signal is sent to the ramp altitude 
circuit. This signal positions R.2081, and R2084 
is measured in the altitude error amplifier and 
sent to flight controls. When the missile reaches 
the desired altitude, Zh and ramp altitude are 
again the same. No error signal is sent to flight 
controls until a different command is received

from the altitude programmer or the missile un
intentionally changes altitude.

The sensing device in the altitude computer 
shown in figure 9-25 is the Kollsman altitude 
controller which has two secondary windings 
wound on a 2-section core separated by a liber 
insulator. Secondaries I and 2 arc wound scries 
opposing. The primary winding is wound over both 
sections of the core. In a nulled condition the 
core is centered between the ends of the yoke 
assembly so the couplings between the primary 
and each of the secondaries are equal, and the 
coupled signals are of opposite phase. The input 
to pressure altitude amplifier AR2018 is then 
zero. Assume that air pressure decreases (missile 
climbs). This causes a bellows in the altitude 
computer to expand. The expanded bellows makes 
the yoke assembly pivot, decreasing the air gap 
between the yoke and core No. I and increasing 
the air gap between the yoke and core No. 2. The 
differential in air gap results in a greater coupling 
of energy into secondary No. I, causing a pi-phase 
signal to be applied to pressure altitude amplifier 
AR2018 through normally closed contacts 8 and 7 
of relay K2006. The.signal is amplified and applied 
to motor-tachometer MG2004, and the motor 
drives. Tachometer feedback, which is-proportional 
to the rate of change in pressure, is applied to 
amplifier AR2018 for stability and also is ap
plied through scale factor potentiometer R2072 
to the accelerometer compensation computer as a 
vertical velocity signal. The motor drives the 
pressure altitude shaft which positions three po
tentiometers :

• R2083— supplies a pressure altitude signal 
for the radius-of-curvature computer.

• R2082—supplies a rate-of-climb signal for 
the altitude demand circuit.

•  R2084— supplies a pressure altitude signal 
for the altitude demand circuit

To put the system in a constant airspeed flight 
condition, relay K2005 is energized by the ground 
support equipment: prior to flight. During the 
constant airspeed pottion of the flight, the altitude 
demand circuit positions the wiper arm of poten
tiometer R2080 so the potentiometer output al
ways represents missile altitude. The output of 
potentiometer R2084 of the altitude repeater is 
applied to altitude error amplifier AR2017. Any 
error signal developed by amplifier AR2017 is

1 July 1972
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applied through energized relay K2005 to ramp 
altitude amplifier AR2014, where it is amplified 
and applied to motor-tachomctcr MG2003. Motor- 
lachomcter MG2003 positions the wiper arms of 
potentiometers R2081 and 2080. The output of 
potentiometer R2081 is applied to amplifier 
AR2017. The wiper arm of potentiometer R2081 
is driven until its output is equal to, but opposite in 
phase to, the signal from potentiometer R2084. 
With this condition, the output of amplifier 
AR2017 is at null, When potentiometer R2081 
was positioned, potentiometer R2080 was also 
positioned. The signal from potentiometer R2080 
is applied to relay amplifier AR2016. Since relay 
K2005 is energized in a constant airspeed flight, 
the output of amplifier AR2016 is not applied to 
amplifier AR2014.

Before a programmed altitude deviation com
mand can be used, certain conditions must be 
met. The traveling cam nut must have reached 
the setting to initiate the altitude selector switch. 
When this position is reached, the holding path 
for relay K2005 is broken, allowing the relay to 
deenergize. When relay K2005 is deenergized, 
deviation command signals can be applied to 
amplifier AR2016 lor comparison with altitude 
signals from potentiometer R2080, and resultant 
climb or dive signals are routed through relay 
K2005 to amplifier AR2014. Assume that the 
missile is flying at 40,000 feet when the first alti
tude deviation command is given. The command 
signal from the altitude programmer calls for an 
altitude of 20,000 feet, and this command is 
applied through relays K2006 and K2005 to 
amplifier AR20I6. Amplifier AR2016 compares 
the command signal with the existing missile 
altitude signal from potentiometer R2080. The 
output of amplifier AR2016 energizes dive relay 
K2004, and a dive signal is applied through relay 
K2004 and relay K2Q05 to ramp altitude ampli
fier AR20I4. The output of amplifier AR2014 
drives motor-tachometer MG2003, driving a 
shaft which positions potentiometers R2080 and 
R2081. The output from potentiometer R2081, 
which is now different from the output of R2084, 
is applied to altitude error amplifier AR2017. As 
a result, a 0-phase error signal is developed in 
amplifier AR2017 and sent to the flight control 
system, commanding the missile to dive. The dive 
rite is controlled by a limiting circuit in amplifier

AR2016. Since the rate of rotation, of potentiom
eter R2081 is nearly equal to the rate of rotation 
of potentiometer R2084, the output of amplifier 
AP.2017 is nearly constant. The missile continues 
to dive until the output from potentiometer R2080 
is equal in magnitude, and opposite in phase, to 
the command signal from the altitude program
mer. Potentiometer R208I output becomes con
stant and R2084 output becomes equal In 
magnitude and opposite in phase to the R2081 
output. At this time there is no output from 
amplifier AR2017, and the missile levels off at
20,000 feet.

R a n g e  C o m p u t e r . The range computer, known 
as the second integration loop, is used to integrate 
range velocity to determine the range distance 
the missile has traveled. The range computer 
operates as an clectro-mechanical circuit to com
pute MRA (missile range angle).

The range computer (figure 9-26) is a standard 
integration circuit (with modifications) to insure 
the accurate measurement of MRA. The inputs 
to the. range computer are Vx from the range first 
integration loop and a mechanical input from the 
radius of curvature computer. The MRA me
chanical output is sent to the (a) range platform 
drive loop, (b) track programmer, (c) stabiliza
tion gyro compensation computer, (d) acceler
ometer compensation computer, and (e) altitude 
programmer. The altitude programmer is initially 
positioned by a data set-in of TRA through a 
differential. MRA into the programmer through 
the same differential effectively subtracts from 
TRA. During flight, the position of the program
mer at any given time is RTG (range to go), or as 
pointed out previously; RTG =  TRA -  MRA.

The input Vx is applied to AR2010 and a me
chanical filter MG2001 which will remove noise 
and quadrature components from Vx. This fil
tered Vx is integrated in AR2011 and MG2002. 
The output of the motor portion of the integrator 
is MRA, while the output of the tach-generator 
is velocity. The tach-generator generates a voltage 
proportional to the rate of change of the input, 
MRA. This is, by definition, velocity, since 
V =  time rate of change of distance, or Vx. The 
amount of negative Vx feedback from the tach- 
generator is initially set up during ground testing 
to provide for the correct Schuler tuning rate.

Since the input Vx has not been compensated
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either for altitude variations or for the changing 
curvature of the earth, this must be done or MRA 
will not be equivalent to the actual surface dis
tance that has been traveled. This is accomplished 
by the radius of curvature computer which sees 
altitude and latitude as inputs. The outputs ad
just the amount of feedback Vx, insuring that 
MRA will be correct. This correction of the feed
back Vx amounts to integrating Vx with respect 
to time and dividing by radius of curvature to 
get surface MRA, or

/ t =  n
' Vxdt 

t =  0
MRA = ___________________radius of curvature

During ground testing, adjustment must be 
made not only in case of circuit drift but also for 
gyro drift. This is accomplished by the automatic 
zero drift circuit which uses the output of AR2011 
after the input to the range computer has been 
grounded by energizing K2001. If there is no

output of AR20I1 with input grounded, no cor
rection is necessary. Any output of AR201I is 
sent through energized K2013 to range zero drift 
amplifier, AR2019. This causes motor, B2014, 
to position R2009 through the brake-clutch, 
L2001. The output of the zero drift circuit pro
vides the necessary negative feedback to eliminate 
any circuit drift. When the drift has been elimi
nated. the brake-clutch operates as a brake and 
locks the zero drift potentiometer to provide con
tinuous elimination of drift.

The range computer integrates range velocity 
with respect to time and divides the integral by 
the radius-of-curvature. The quotient is repre
sented by rotation of the MRA shaft which posi
tions various potentiometers, switches, and 
resolvers to provide signals proportional to MRA. 
These signals arc used both as correction signals 
in themselves and to compute other correction 
or demand signals for the missile guidance sys
tem.

The range velocity signal from relay K1004

Figure 9-27. Range Platform Drive Loop
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(figure 9-26) in the gyro-stabilized platform 
control is applied to amplifier AR2010 through 
relay K200I, The output of amplifier AR20I0 
drives the motor of range mechanical filter 
MG2001. The output of range mechanical filter 
MG2001 is supplied through relay K2002 to 
amplifier AR20I1. The output of amplifier 
AR2011 drives motor-tachometer MG2002 which 
drives the MRA shaft at a rate that is proportional 
to distance traveled. The gain of the loop is con
trolled by adjusting the amount of negative feed
back from motor-tachometer MG2002 to ampli
fier AR2010 through radius-of-curvature servo 
as changes in altitude and latitude occur, dividing 
the distance traveled by the radius-of-curvature 
of the flight path. The zero drift potentiometer 
R2009 is used to set the critical null condition 
of this high-gain loop. Reset of the MRA shaft

is accomplished by synchro limiter CR2001 
through the second integration loop. The outputs 
of coarse and line synchro transmitters R2008 
and R2009 arc coupled through transformer 
T2002 to synchro limiter CR2001. The limiter 
selects either (ho coarse or line signal and ap
plies it to the second integration loop to reset 
the MRA shaft. During flight, the outputs of 
synchro transmitters R2008 and R2009 drive the 
range accelerometer through an angle equal to 
MRA.

Range Platform Drive Loop. The range 
platform drive loop (figure 9-27) causes the range 
platform to be driven through MRA by electrically 
connecting the MRA shaft to the range platform. 
Since the range platform serves as a mount for 
the range accelerometer, the input axis of the 
range accelerometer is maintained perpendicular
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to local vertical. This is necessary to minimize 
the possibility of gravity having an effect upon 
i he range % accelerometer.

The range platform drive-loop, a synchro coup
ling between the MRA shaft and the range plat
form, maintains the input axis of the range 
accelerometer perpendicular to local vertical by 
driving the range platform .through the same 
angle that the MRA shaft has been driven. If the 
input axis of the range accelerometer is not main
tained perpendicular to local vertical, the accel
erometer may sense gravity as acceleration. This 
would result in an incorrect velocity and MRA 
with the result that the missile would miss the 
target.

The range platform drive loop (figure 9-27) is 
a 2-speed, 2-channel synchro chain, providing a 
system for both coarse and fine controls. When 
the MRA shaft begins driving, it causes the coarse 
and tine rotors, R1 and R2, to turn in relation 
to the stators, Cx. This movement causes a chang
ing voltage to be induced to the stators of the 
control transformers mounted on the range plat
form. The control transformer rotors R3 and R4 
detect a voltage equivalent to the angle turned 
by the MRA shaft and apply this voltage to the 
Bradley limiter. The limiter selects the larger of 
the two rotor outputs (which is normally the fine 
rotor R4 because of the l to 27 gear ratio be
tween the synchro chains) and sends this output 
to motor BIOl through amplifier AR350I. The 
motor turns both the range platform and rotors 
R3 and R4 through the same angle that the MRA 
shaft has turned.

The output stator logs S2 and S3 are used dur
ing ground testing to reset the range second in
tegrator (or MRA). If R1 and R2 are not at 
zero MRA, there will be a differential voltage 
between S2 and S3. By energizing K2002, this 
difference is sent through a limiter and back to 
the second integrator. The second integrator then 
drives the MRA shaft until there is no difference 
in potential between S2 and S3. This is the stan
dard method used to reset circuits; that is, feeding 
the output back to the input to force the circuit 
to drive to zero.

Track Computer, The track computer (figure 
9-28), known as the track second integration 
loop, is used to integrate track velocity to de
termine the track distance of MTA. The com

puter is also used to control the guidance-on 
signal.

Since the track computer is similar to the 
range computer, only the diffc.. rices are pre
sented. The inputs to the track computer are 
Vy from the track first integration loop and two 
data set-ins; track radius of curvature and guid
ance-on (preset MTA). The outputs of the track 
computer are MTA to the navigation computer, 
sin MTA to the accelerometer compensation com
puter and to the torque microsyn of the track 
accelerometer, and a signal to flight controls for 
guidance-on (figure 9-28).

T r a c k  P r o g r a m m e r . The purpose of the track 
programmer is to provide lateral deviations which 
are programmed to avoid obstacles or heavily 
defended enemy installations during flight. The 
track programmer provides track deviations and 
a return to the range plane signal.

In appearance and operation the track pro
grammer resembles the odometer portion of an 
automobile speedometer. It consists of sets of 
wheels on a common shaft.

The outputs of the track programmer, depen
dent upon the daia set in, arc used to establish 
when a deviation is to occur and how much de
viation is to be made.

N a v i g a t i o n  C o m p u t e r  ( H e a d i n g  D e m a n d  

C i r c u i t ) .  The heading demand circuit applies 
information to the flight controls system to main
tain a missile on the desired heading. It also 
demands a programmed change of heading and/or 
develops a signal which enables the missile to 
assume a flight crab angle (when one is required) 
to counteract the effects of crosswinds.

The navigation computer (figure 9-29) contains 
two loopsi (1) a proportional loop which is re
sponsible for the major portion of the navigation 
computer's effect on the missile heading and (2) 
an integral loop (this has certain unique functions 
to be considered under various flight conditions).

To understand the operation of the navigation 
computer, you must review the various control 
signals that are applied to the flight controls s- 
tem. Figure 9-30 shows in simplified block ,.a- 
gram form the relationship of the three signals 
involved.

The particular flight circumstances determine 
whether one, two, or all three of the control 
signals will be applied to the flight controls
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system. For example, when the missile deviates 
laterally from the flight course without a yaw or 
roll error, only a lateral correction signal is present. 
When the missile rolls without a yaw or MTA 
error, only a vertical gyro roll correction results. 
When the missile deviates from the flight course 
producing MTA, yaw, and roll errors, the flight 
control system is affected by a combination of 
all three signals. The yaw signal, which is pro
duced by the yaw synchro, is combined with the 
lateral correction signal in the yaw lateral net
work in the flight control system. After the re
sultant signal is amplified and demodulated, it is 
combined with the demodulated roll signal from 
the vertical gyro. The output of the roll demand 
mixer causes actuation of either the right or left

spoilers to correct the missile for roll or heading 
deviations.

To return the missile to the great circle course 
(assume there is no roll or yaw error to be con
sidered), the amount of deviation, MTA, from the 
range plane, whether it results from programmed 
deviations or atmospheric conditions, is com
puted by the track computer. This signal is applied 
to the navigation computer through K3502 (figure 
9-29). From here it is applied to AR3508 in 
the proportional loop and to AR3505 in the in
tegral loop. The output of AR3508 causes motor 
B3502 to turn. The rate is proportional to the 
amount of error and the direction to the phase 
of the signal. B3502 positions the proportional 
shaft through a slip clutch arrangement. This shaft
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YAW SYNCHRO SYNCHRO POSITIONER

Figure 9-30. Heading Demand-Ftighf Controls

positions R3513 directly and R35I4 through a 
mechanical differential, R3515 provides a pro
portional output by a degenerative feedback to 
AR3508. As the MTA signal increases so does 
the output of R3515. Conversely, when MTA 
begins to decrease, the output of R3515 becomes 
greater than MTA and reverses direction of the 
motor.

The output of the amplifier, in the integral 
loop, actuates MG3503 which positions the inte
gral shaft through the slip clutch. This shaft also 
positions R3513 and R3514, The output ol 
R3SI3, the heading demand signal, causes the 
night control system to actuate the spoilers, caus
ing missile roll and yaw. The missile then begins 
the return to the range plane, and the MTA signal 
amplitude begins to decrease.

The amount of spoiler action in the ilight con
trols determines the angle at which the missile 
deviates from the line of flight. When the missile 
experiences a track error, it should eliminate 
this error as soon as possible. The greater the 
angle at which it returns to the range plane, the 
quicker the error is eliminated.

The missile is so designed to work best with 
positive control (the control surfaces constantly 
in action). For this reason the integral channel 
adds an additional setting on R 3513 which causes, 
as the missile returns to the range plane, a cer
tain amount of overshoot and actually oscillates 
or overshoots about I 1/3 times. The integral 
pot also permits the function of establishing a 
crab angle or a compensation for crosswind. Con
sider the situation in which a crosswind is forcing 
the missile off course to the left and neglect roll 
error. An MTA signal is applied to both the pro
portional channel and the integral channel. Both 
signals produce heading demand signals to position 
R35I3. The missile banks to the right trying to 
attain the desired (light course heading, causing 
a yaw error signal of equal magnitude to the 
heading demand signal and of opposite phase. 
This signal just cancels out the heading demand 
signal. As a result, the missile returns to the 
range plane at some small angle and the MTA 
and yaw errors diminish. The crosswind is still 
present and will again blow the missile off course 
to the left but not as far this time. This is be
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cause the missile was never permitted to over
shoot the range plane. As a result of this, the 
proportional channel was never permitted to wipe 
out the integral channel setting on R3513. Some 
slight amount of spoiler action is still present, 
causing the missile to head slightly into the wind. 
As the missile returns to the range plane again, 
the MTA and yaw errors reduce to zero although 
the signal on R3513 was not wiped out. The wind 
blows it off still less this time. The process con
tinues until the setting on R3513 is the right 
magnitude to create the correct amount of spoiler 
action necessary to cause a crab angle. The missile 
remains on the range plane with no MTA error 
but some yaw error which is canceled out by 
the output of the navigation computer.

Altitude Programmer. The altitude pro
grammer provides altitude control signals to the 
altitude computer. It also provides such signals 
as dive wind, guidance monitor, warhead arming, 
and detonate signals. Altitude deviations can be

programmed to occur at various decrements. The 
altitude programmer contains an initiate altitude 
switch, a track range angle (TRA) set-in, and 
a range-to-go assembly.

The altitude programmer, figure 9-31. is a pipe 
with threads on both the inside and outside. The 
inner thread distance is equal to 615 are-minutes, 
and the outer thread distance is equal to 585 
are-minutes, A threaded screw is driven down 
the inside threads bv RTG. When the ends of the 
threads are reached, a clutch plate is engaged 
which begins driving a cam nut (the traveling 
nut). As the traveling nut moves down the out
side thread, it closes altitude deviation switches 
every 30 arc*minutes, and at the appropriate RTG 
the nut closes the termination switches.

Accelerometer Compensation Computer. 
The accelerometer compensation computer, figure 
9-32, generates various compensation signals for 
the range and track accelerometers and a latitude 
signal for the radius of curvature computer.
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figure 9-3 J. Aftitudm Programmer
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The inputs to the accelerometer compensation 
computer consist of three mechanical and four 
electrical signals as follows:
Mechanical Inputs . Electrical Inputs 

MR A Range velocity -  Vx
LRA Track velocity -  Vy
LaRA Vertical velocity -  Vz

Sin MTA
These inputs are combined by components in 

the computer, using the principles of addition, 
subtraction, multiplication, and/or trigonometric 
functions. The accelerometer compensation com
puter translates these input Signals into the seven 
output correction signals described in the para
graphs that follow.

On-flight course gravity correction. When the 
launch range angle (LRA) set-in is made, poten
tiometers R2024 and R2025 and resolver B2003 
are positioned. The output of sine potentiometer 
R2024 sin LRA is applied to amplifier AR2007. 
The output of sine potentiometer R2025, which 
is further positioned by MRA sin (LRA +  MRA), 
is also supplied to amplifier AR2007. The dif
ference in these inputs, sin LRA -  sin (LRA + 
MRA), is applied as excitation to resolver B2003 
which is positioned to an angle twice the LaRA 
set-in, (Latitude of the Range Axis. This is the 
angle present between the range axis and the 
co-equatorial plane.) The output of resolver 
B2003 is therefore sin 2LaRA (sin LRA -  sin 
(LRA +  MRA)], and it is applied to track accetcr- 
ometer compensation amplifier AR2002. The rela
tive channel gain of amplifier AR2002 effectively 
multiplies this input by 2gK2. The product, 2gK- 
sin 2LaRA [sin (LRA +  MRA) -  sin LRA], is the 
correction signal for the track accelerometer.

Vertical Coriolis correction for track. Resolver 
B2001 is positioned by LRA and MRA and is 
excited by cos LaRA which is one of two outputs 
of resolver B2004 on the LaRA shaft. Resolver 
has two outputs. One output, cos LaRA [cos 
(LRA .+ MRA)), is applied to potentiometer 
R2075 on the vertical velocity repeater shaft. 
The output of potentiometer R2075, 2Vzw cos 
LaRA [cos (LRA +  MRA)], is applied to ampli
fier AR2002 as the correction signal.

Horizontal Coriolis correction for track. The 
second output of resolver B2001, cos LaRA [sin 
(LRA +  MRA)], is applied to isolation ampli
fiers AR2004 and AR2O05. The outputs from iso

lation amplifiers AR2004 and AR2005 are applied 
to potentiometer R2003 on the range velocity 
repeater shaft and to potentiometer R2048 on 
the track velocity repeater sh:,rt. The output of 
potentiometer R2003, 2Vzw cos LaRA [sin LRA 
+  MRA) |, is applied to amplifier AR2002 as 
the correction signal.

Horizontal Coriolis correction for range. The 
output of potentiometer R2048, 2Vy cos LaRA 
(sin (LRA +  MRA)], is applied to amplifier 
AR2001 as the correction signal.

Vertical Coriolis correction for range-1. The 
second output of resolver B2004 on the LaRA 
shaft, sin LaRA, is applied to potentiometer 
R2074 on the vertical velocity repeater shaft. The 
output of potentiometer R2074, 2Vz sin. LaRA, 
is applied to amplifier AR2001 as part of the cor
rection signal. The output of R200I, 2VzVx/Re, 
is applied to AR2001 as well as other signals.

Off-flight course gravity correction. Sin2 poten
tiometer R204I on the LaRA shaft is positioned 
by setting in LaRA, and it is excited by the sin 
MTA signal from the power supply-computer. The 
output of potentiometer R2041, 2gK2 sin2 LaRA 
sin MTA, is applied to amplifier AR2002 and 
becomes the correction signal for the track ac
celerometer.

Accelerometer compensation computer outputs. 
Resolver B2013, on the vertical velocity shaft, is 
positioned by the Vz signal. The output of re
solver B2013 is applied to potentiometer R2001 
on the range velocity repeater shaft. The output 
of potentiometer R2001, 2VzVx/Re, is applied 
to amplifier AR2001 and becomes the second 
part of the correction signal. The three signals 
(horizontal Coriolis correction for range and two 
components of vertical Coriolis correction for 
range) are mixed in amplifier AR2001 and ap
plied to the range accelerometer torque amplifier. 
The four signals (horizontal Coriolis correction 
for track, vertical correction for track, off-flight 
course gravity correction, and on-fiight course 
gravity correction) applied to amplifier AR2002 
are mixed and applied to the track accelerometer 
torque amplifier A1024. The output of potenti
ometer R2005 is applied to radius-of-curvature 
amplifier AR2009. Potentiometer R2002 on the 
range velocity repeater shaft is positioned by a 
Vx signal. The output of potentiometer R2002,
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limited range velocity, is applied to ihe terminal 
dive computer in the flight control system.

R a n g e  R a d i u s - o f - C u r v a t u r e  C o m p u t e r . 

File radius-of-curvature computer of figure 9-33 
has two inputs: pressure altitude and latitude. The 
pressure altitude input comes from potentiometer 
R2083 in the altitude computer, and the latitude 
input comes from the cos2 potentiometer R2006 
in the accelerometer compensation computer. The 
two input signals are mixed and amplified in 
radius-of-curvature amplifier AR2009 and applied 
to motor B2005. Motor B2005 drives a shaft 
which positions radius-of-curvature potentiometer 
R2008 in the range second integration loop and 
feedback potentiometer R2Q28. Potentiometer 
R2028 provides feedback to amplifier AR2009 
so that the output of amplifier AR2009 will be 
proportional to the input rather than an integral 
of the input. Potentiometer R2008 is part of the 
feedback circuit of the range second integration 
loop. The gain of the loop is kept proportional 
to the reciprocal of the radius-of-curvature of the 
flight path by potentiometer R2008.

Stabilization Gyro Compensation Com

I July 1972

puter. The stabilization gyro compensation com
puter (figure 9-34) provides a compensation to 
ollset the gravity unbalances along the spin refer
ence axis of the tangent gyro (gUsra). Any un
balances contained in the gyros can normally be 
eliminated by the earth memory units of each 
gyro (provided the gyro does not change drift 
rate during flight). The mounting of the tangent 
gyro on the stable platform causes the pull of 
gravity to be felt as a force about the input axis.

As the missile leaves the launch point and flies 
down range, gravity is pulling from a different 
direction directly proportional to the change in 
MRA. To eliminate gUsra, the maximum com
pensation voltage is set in as the tangent gUsra 
signal on R10I5. The output of RIO 15 is ap
plied as excitation to R2020 which is driven by 
the MRA shaft. The output of R2020 will be 
0 at launch and will increase proportionally to 
MRA. As a result, gravity does not change the 
drift rate of the tangent gyro. The other stabili
zation gyros do not require a gUsra compensation 
since the change in gravity is not felt about their 
input axes and no precession occurs.

AFM 52-31
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Finch stabilization gyro has an earth memory 
unit which memorizes the drift rate of that spe
cific gyro during checkout. The earth memory 
units with the test equipment measure the output 
of the gyro due to drift and position a memory 
potentiometer. The output of the potentiometer 
is applied to the torque microsyn of the specific 
gyro, causing it to torque in opposition to the

AFM 52-31

drift. When there is no longer any output from 
the gyro, memorization has been accomplished 
and the memory pots are locked with a brake- 
clutch mechanism.

Power S u m  y Computer. The power supply 
computer consists of a track computer, a naviga
tion computer, and a power supply. The operating 
principles for the track computer arc divided into

1 July 1972
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Figure 9-34. Stabilization Gyre Compensation Computer
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iwu functional assemblies—the track displacement 
computer and the guidancc-on circuitry for the 
navigation computer.

Truck displacement computer. The track dis
placement computer contains a track mechanical 
filter and a track second integration loop. The 
track mechanical filter is a damping device that 
litters transient quadrature voltages to provide a 
signal proportional to track velocity for the track 
second integration loop. The track second inte
gration loop constantly integrates this signal with 
respect to time over a radius-of-curvature value 
that is determined and set into the track computer 
prior to missile launch. The result of this calcula
tion in the track second integration loop is a sig
nal that represents the lateral angular distance 
of the missile from the range plane. This signal 
is the MTA signal. This MTA signal drives a 
motor-generator that mechanically rotates an 
MTA shaft at a rate proportional to MTA. The 
MTA shaft rotation positions the dials of a (rack 
displacement indicator, the wiper arm for each 
of three potentiometers, and guidance-on differen
tials.

A portion of the range platform drive loop is 
contained in (he computer power supply. This 
portion consists of an amplifier and a transformer. 
The output from the amplifier provides excitation 
to the primary coil of the transformer. The induced 
signal from the secondary coil of the transformer 
is routed to the gyro-stabilized platform where it 
is used to drive the range platform drive servo
motor.

Navigation computer. The navigation computer 
contains a proportional steering channel and an 
integral of steering channel. Each channel con
tains an amplifier that provides a signal to drive 
a motor, and each motor is mechanically con
nected through a differential and a slip-clutch to 
the heading demand shaft. Incoming signals to 
these channels rotate the heading demand shaft 
clockwise or counterclockwise through a portion 
of one revolution. As the heading demand shaft 
rotates, it positions the wiper arm of a potentiom
eter. If guidance-on has occurred, the signal from 
the wiper arm is routed to the flight control sys
tem as the heading demand signal.

Incoming signals to the proportional steering 
channel and integral of steering channel are pro
vided by the track programmer in the missile

guidance computer when a scheduled track devia
tion occurs and by the track displacement com
puter when the missile is not on the range plane 
or on a proscribed course parallel to the range 
plane. During large, rapid changes in MTA, 
the integral of steering channel is opened and only 
the proportional steering channel drives the head
ing demand shaft. As the missile returns to the 
range plane or a prescribed course parallel to 
the range plane, the integral of steering channel 
will close. If a small steady state error signal 
due to crosswind exists, the integral channel drives 
the heading demand shaft until a null condition 
is achieved. When the null condition is achieved, 
the wiper arm of the heading demand potenti
ometer comes to rest away from the center tap. 
The steady stale output from the wiper arm to 
the flight control system causes the missile to 
maintain a sufficient angle to the range plane to 
compensate for the cross wind.

The abbreviated discussion of inertial guidance 
systems is very complex. Sufficient information 
has been presented to understand a signal path 
or block diagram analysis without getting too 
involved in the circuitry. The inertial guidance 
functional data (table 9-1) should be of some 
help as a form of review.

CELESTIAL NAVIGATION SYSTEMS

A simplified approach to a celestial navigation 
system assumes an inertial system supervised in 
a continuous series of fixes. Two systems used in 
missiles are known as stellar supervised inertial 
autonavigator (SSIA) and another known as 
automatic celestial navigation (ACN),

S5IA System of Missile Guidance

In the stellar supervised inertial autonavigator, 
periodic stellar sights are taken to check on gyro 
drift. This additional supervision is necessary be
cause not all gyro drift is constant. Gyro drift 

- that is not constant varies as to direction and 
magnitude. The inability of the slow loop correc
tion to “predict" this random drift leaves an error 
that tends to increase with the passage of time. 
For a short flight of 45 minutes or so, random 
drift would introduce a probable error of about 
a half mile with modem gyro design. This error 
naturally increases as the time of flight increases.
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Table 9-1. Inertial Guidance F u n c t i o n a l  Data

s *_____  ________ _____ ________________

N A M E PURPOSE

Gyro*5loblli*ed Platform Provide* a Fixed launch point coordinate reference for the rang* and trock 
occelerometer*.

Stabilization Gyro* (Rang*, 
Tangent and Vortical)

Stave th« gyro-tloblllzed platform to the launch point coordinate*.

Gyro Accelerometers 
. (Rang* ond Trock)

S*niB acceleration* In th* rang* and track direction*.

Rang* Platform Maintain* lK* Input oxh of iKa rang* accelerometer perpendicular to th* local 
vertical (gUtro).

Stobilltollon Compemation Generate* a compensation for tangent Gyro linbatanc* about the Spin Reference 
Axle <gUsra).

Memorization Compeniate* the stabilization and accelerometer, gyroe for gyre unbalance* and 
forth rale.

V* Computations Convert th* tented rang* acc*l*romet*r acceleration ta rang* velocity.

Vy Computations Convert th* sensed track accelerations to track velocity.

M U  Computation* Convert rang# velocity ta Mlieile Range Angle (MRA).

MTA Computation* Convert trock velocity to Missile Trock Angle (MTA).
►

Trock Programming Provides trock deviation signals.

Altitude Programming Provide* altitude deviation signals.

Accelerometer
Compensation*

Provide correction signal* ta minimize the effects of horizontal and vertical 
Coriolis (range and track accelerometers) and correction signal* lor on-course and 
off-count gravity errors (track accelerometer). ,

Altlhidt Computation! Provide altitude command signal* ta flight control*

Navigation Compulation* Provide heading demand signal* to flight control*.

Rodlu**ef-Curvature 
Computation*

Compute radius af curvature for MRA compulations.
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Figure 9-35. Automatic Sextant

One possible method of overcoming the ran
dom drift error is by the use of celestial sights. 
This is done much as a human navigator would 
check his dead-reckoning position with a sight on 
an object of known position, such as a star.

A physical addition to the stable platform con
sists of an automatic sextant, so mounted that it 
can be varied in the elevation and azimuth axes. 
A combination mounting that gives the variation 
is shown in figure 9-35.

The azimuth and elevation motors arc preci
sion torquers connected to a sextant positioning 
system. The system, as shown in figure 9-36, re
ceives its signal from a tape playback which is 
prerecorded with the necessary position and rate 
data for the complete flight.

Telescope azimuth and elevation information 
must be read from the tape at the proper time. 
This timing of the tape playback is an important 
function because a star is at a particular angle 
with respect to a certain spot on earth only at 
a particular instant of time.

The telescope is aimed at the star by the in
formation read from the tape and is then pro
grammed through the tape information to follow 
the star.

A scanning system detects whether or not the 
star is centered in the telescope field. The error 
signal developed can be detected and processed 
to give an indication of the sextant error.

The outputs of the stellar error-detection cir
cuit, shown in figure 9-37, arc several voltages 
that are proportional to the missile error in pitch, 
roll, and yaw. After passing through the scanner, 
light from the star falls on the phototube causing 
a voltage output proportional to the light inten-
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REFERENCE

Figurtt 9-37. Sfef/or Error-Datiction Circuit

sity. The phototube output passes through a se
lective amplifier. The selective amplifier separates 
the signal from the noise. The desired signal is 
then detected to obtain the information of the 
error. In the first resolver the detected signal is 
resolved into azimuth and elevation error signals 
by comparison with a reference voltage from the 
scanner. The direction resolver can be a bridge 
demodulator circuit or some other type of phase 
detector.

The errors are again resolved to make them 
usable in the missile system of coordinates after 
the azimuth and elevation errors in the sextant 
have been determined. The second resolvers are 
controlled from the tape reader. The same signal 
that positions the sextant sets a resolver for the 
elevation error output. If the elevation signal were 
not resolved in this manner, there would be no 
way of determining whether the error was in the 
pitch or the roll axis.

If the telescope were elevated and pointed 
directly forward along the missile heading, any 
elevation error signal out of it would be attributed 
to error about the pitch axis. Also, if the telescope 
were pointed out the side in the lateral direction, 
any elevation error would be only a function of

roll. The resolver is needed to determine whether 
the elevation error signal is due to pitch or roll, 
or a combination of the two.

Consideration of the problem shows that there 
has been no great effort made to preserve the 
quantity (amplitude) of error signal. The direc
tion and axis of error have been carefully retained 
but the magnitude has not. Keep in mind that the 
ideal output of the system is a zero voltage. It 
would only be an expensive and unnecessary re
finement to retain the magnitude because, in a 
nulling system of guidance, the error voltage ap
proaches zero and balances out when the missile is 
on course. Proportional control is not attained. 
Because of the delaying of the signals through the 
guidance circuitry and damping by rate function, 
the missile tends to return to the desired course as 
fast as possible but without ovcrcontrol oscilla
tions.

An ideal situation in a stellar sighting system 
would be to check first one star whose line of posi
tion (LOP) ran tangent to the course of the missile 
and then another star whose LOP would be nor
mal to the missile course. In such a situation, the 
information from the first star would be applied 
to the computer direction channel. In the second
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Figure 9-38. Correction Circuit for Determining True Error

case, the stellar error signal would go to the dis
tance channel. in the computer. These signals 
would then alter the autonavigator operation by 
correcting the gyros to a new position, compensat
ing for any drift that has occurred. To be assured 
that the correction torque is accurate, the error 
signal would have to be averaged over a period 
of time.

Figure 9-38 shows the principle pf deriving the 
difference between the roll error as detected in 
the stellar supervisor and the course error in the 
computer. Both errors must be in the same terms. 
The scale factor of the signals from each circuit 
must be alike. The feedback loop for such a sys
tem is via the new platform position obtained 
through the star loop and the accelerometer loop 
back to the computer. If the star is held sufficient
ly long, the error is damped out to an insignificant 
amount.

The pitch imd yaw gyros are corrected in the 
same fashion. Some additional consideration for 
the operation of the yaw circuits is necessary. The 
azimuth detection of u star is not nearly as accu
rate as the elevation detection, so in some cases 
a complex crossmixing of pitch and roll stellar 
outputs is used to correct the yaw gyro.

With the stellar-supervised inertial autonavi
gator, the missile can fly for long periods under 
cloud cover with little effect on accuracy. The 
difficult part is the development and manufacture 
of gyros which can fulfill the requisites of such 
a system. The techniques needed to produce gyros 
with zero bearing friction and no unbalanced forces 
quite understandably tax the ingenuity of the in
dustry. The gas-lubricated (gas-bearing) gyros 
come the closest to the ideal gyros for such a sys
tem. The gyros that are easier to produce, and 
therefore more plentiful, also arc more inaccurate. 
The mass-production gyro is only suitable for use 
in a continuously (or nearly so) supervised sys
tem.

ACN System of Missile Guidance

Based on what has already been covered, the 
most logical step to overcome the principal prob
lem of a SSIA system would be to use a stellar 
system having continuous supervision.

The idea of inertial supervision is usually over
looked in considering automatic celestial naviga
tion (ACN) because the system is continually ref
erenced by stellar fixes. But, in any system, the 
inertial principle still is present in the action of 
the autopilot between guidance commands.

The platform equipment for ACN requires the 
addition of one or more automatic sextants. With 
two sextants operating simultaneously, a series of 
fixes are obtained rather than just LOP. With 
simultaneous fix on two stars, there is less chance 
for inaccuracy and less necessity for averaging 
out errors. A spare or standby sextant might be 
incorporated into the equipment so that it can 
be zeroing in on the next star in the navigation 
sequence without detracting from the previous fix.

A disadvantage of the multiple telescope sys
tem is the need for a relatively large window to 
view the celestial sphere. The cost of such a 
perfect-plane window increases considerably with 
size. The large window also finds itself subject 
to more forces and flections caused by high speeds.

Effects of Refracted light and Bias

Refraction of light takes place as it passes 
through conducting media of varying indices. 
Since shock waves which occur at or above the 
sonic speed are, in effect, a conductor of a dif
ferent index than the ordinary conductor, the dis
persion of light rays caused by shock waves may 
limit the use of celestial or stellar systems. Note 
this effect in figure 9-39.

In practical applications, some noise or bias 
exists in the output of the velociiy-measuring com
ponent. The noise that exists as short peaks of 
energy is effectively filtered out by the time con-
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Figure 9-39. Effect of High Speeds on Sfe/Zor System*

stants (delays) of the circuitry. Steady noises (er
rors) are not filtered by such action. If some steady 
error exists on the signal, indicating the measured 
velocity, then the whole computer output would 
be in error. An additional circuit is required that 
does not let the bias error through but admits 
other signals. Such a circuit has to have the charac

teristics of a high-pass filter which uniformly 
passes AC current of every frequency. A unique 
arrangement of amplifier elements gives the de
sired result, as shown in figure 9-40.

The desired high-pass filter characteristic can 
he obtained using a DC amplifier with integrator 
feedback. A constant positive voltage <H») at the

FREQ UENCY

E.

0  5  —

FREQUENCY

Figure 9-40. Characteristics of Two Types of High-Pass Fillers
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input tends to give a like positive voltage at tbe 
output (Eo). The amplifier output becomes the in
put to tbe integrator. The output of the integrator 
with this constant positive input is a negative going 
voltage. The negative going voltage is added to the 
input of the unity gain amplifier, where it cancels 
the input, driving it to zero.

The integrator responds slowly to an input sig
nal. It takes about 10 minutes for the integrator 
output to build up sufficiently to cancel a steady 
amplifier input. This means all voltages that varied 
faster than this would overcome the feedback and 
pass through the circuit before feedback takes ef
fect. These voltages would continue to pass 
through the circuit as long as they varied at this 
rate.

In figure 9-41, a DC filter is applied to an in
ertial computing channel. Note that the computed 
velocity which is summed with the measured ve
locity is varying at the same rate as the computed 
velocity. In such a case, the filter input would be 
DC.

Since the varying difference between the two 
velocities is the required factor, the addition of the 
computed velocity is necessary and creates no 
error in the connection showo. By damping with

externally measured velocity, the summing of er
rors in an inertial system is eliminated.

LONG-RANGE HYPERBOLIC GUIDANCE

The utility of hyperbolic navigation exists only 
for the distance at which the direct or groundwave 
can be distinguished. Long-range navigation by the 
Loran principle gives optimum operation on the 
low frequencies, in the 100 kHz to 200 kHz region.

Long-range missile guidance equipment, to 
make use of the Loran principle, must use an auto
matic receiver. There is no need for the regular 
indicator unit, since the outputs must be in the 
form of shaft rotations or voltages usable in the 
control systems.

Pairs of transmitting stations (master and slave) 
generate the pulses of RF energy separated by a 
delay interval. The delay exists after the master 
pulse. The delay exists while the nulse signal trav
els to the slave site and is used to key the slave 
transmitter. This delay is used to insure that the 
transmitted pulse of the master station is always 
received first at a receiver located in the area ser
viced by the system. Pulses of a particular time 
difference set up an LOP that is hyperbolic in na-
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lure. In the functioning of a Loran system, the 
pulse time differences are first measured for the 
coarse indication. The beginning RF cycles of ihc 
two transmitted pulses (master and slave) arc 
compared for the fine range indication. In a man
ual-type Loran system, this matching is done by 
the operator using the presentation on a cathode- 
ray tube equipped with a precision sweep. To ac
complish this automatically requires a more com
plicated receiver.

Some method of minimizing noise should be 
added to assure accurate operation under as wide 
a range of conditions as possible. Locally gener
ated signals which are equal in time, frequency, 
and phase to the transmitted pulses are used. These 
local signals, which are noise-free, are compared 
to the transmitted slave signals, giving a better and 
more accurate comparison.

Automatic Long-Range Loran

An automatic phase-matching type of Loran 
system breaks up doubtful cycles of information, 
and it separates them by transmitting alternately 
on two different radio-frequencies. The pulse en
velope timing and the phase of both radio-frequen
cies are controlled by the transmitting timer. By 
proper adjustment of phase and envelope timing, 
the envelope match and the RF match on both 
frequencies can be satisfied simultaneously in the 
receivers.

Shown in figure 9-42 is a simplified block dia
gram of the receiver for the automatic phase 
matching system. Servo loop 1 operates to bring 
the 25-Hertz pulse generator into time coincidence 
with the 25-Hcrtz modulation envelopes of the re
ceived master signals of 180 kHz and 200 kHz 
carriers. Servo loop 2 operates the variable delay 
system to bring its delayed output pulses for slave 
gating into coincidence with the received slave sig
nals. The cycle matching on the master signal in
volves comparing the noisy master signal with the 
noise-free local reference signal. The same opera
tion is carried out with the slave signal. This per
mits operation under worse signal-to-noise con
ditions than in a manual, visual, long-range Loran 
system. The amount of delay is indicated on the 
Veeder Root counter, and this is the envelope 
time difference reading between master and slave 
pulses, furnishing a coarse indication of the LOPs.

Servo loop 3 brings the 180 kHz CW reference

wave into phase match with the received master 
1X0 kHz signal by shifting the phase of the 100 
kHz osciii.itor output. The 180 kHz CW reference 
and the received 180 kHz slave pulses arc fed into 
the servo loop. The phase shifter is driven to bring 
these waves into phase match. The rotation of the 
phase-shifter shaft of loop 4 represents the phase 
difference between 180 kHz master and slave pulse 
signals.

In a similar fashion, servo loop 5 sets up a 200 
kHz CW reference wave which is in correct match 
with the received master 200 kHz RF pulses. As 
with servo loop 4, servo loop 6 drives its phase 
shifter to bring the two inputs of the phase-differ
ence detection system into matching phase. Again, 
the shaft rotation of the phase shifter of servo loop 
6 represents the phase difference between the re
ceived master and slave 200 kHz signals.

Servo loops 3 and 5 are gated by the 25-Hertz 
pulse generator to operate only during the time of 
reception of master signals. Servo loops 4 and 6 
are gated by the time-delayed slave gating 25- 
Hertz pulses so as to operate only during time of 
reception of the slave signals.

The mechanical outputs of the phase shifters 
of servo loops 4 and 6 are fed into the differential 
gearing. The output of the differential gearing is 
the difference between the two inputs or, elec
trically, the difference between the two phase- 
difference measurements.

The shaft of the differential output has a circu
lar shutter with a 40* sector opening cut out. This 
opening represents the 20“ of tolerance required 
for cycle-difference measurements.

The multipointed dial located behind the dif
ferential shutter has 9 equally spaced pointers in
dicated on a scale. It is driven through a 9:1 re
duction gear from the 180 kHz phase-shifter shaft. 
Consider a fractional 9-cycle interval of the re
ceived time difference which is to be indicated by 
the cycle difference and the phase difference indi
cators. The phase difference or the fractional cycle 
difference is indicated on the phase-difference in
dicator. The number of whole cycles is on the 
multipointer dial. The shutter, and its 40° open
ing, Indicates the presence of errors in the phase- 
difference measurements by the position of the 
arrows of the multipointer dial with respect to the 
shutter opening. No error caused by low signal-to- 
noise ratios exists if the arrows are present. If no
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arrow is present, errors sufficient to prevent cor
rect cycle-difference measurements are present in 
the phasc-diffcrcncc measurements.

The positions of the phase shifters that indicate 
the intervals can now be used in a computer. The 
information from this computer could be used to 
obtain distance and direction to target, to plot true 
position automatically, to control the automatic 
pilot, or to give whatever information of this order 
that may be required in the system.

The base line for a system accurate within a few 
hundred feet at 1500-mile range would need to be 
600 to 800 miles long. The size antenna required 
for the receiver in a missile would also impose 
some problems. An adequate receiving antenna 
would need to be 30 to 50 feet long, or the equiv
alent. Using sections of the missile airframe to ful
fill this purpose is possible.

FM loran

An FM Loron system is similar in practice to 
the one just presented, but it uses a unique ap
proach to eliminate ambiguities. In this system, 
the outputs of three transmitters are frequency- 
modulated by a sine wave.

These three transmitters, with different low- 
frequency carriers, are frequency-modulated by 
the same AF signal so as to obtain identical mod
ulation in frequency and phase for the three trans
mitters. The time for one cycle of the modulating 
frequency must be sufficient to allow the RF sig
nal to get to maximum range of the system. The 
receiver automatically tunes out the skywaves. Be
cause of the longer path traveled by the skywaves, 
the signal produced by them has a different fre
quency than the groundwavc at any instant of time.

Comparison between a pair of transmitted sig
nals is accomplished by measuring the relative de
lay required to produce a phase match in their 
modulating functions. The phase match is indi
cated by a constant difference-frequency output of 
maximum amplitude from the mixer. The phase 
of this difference-frequency is also an indication 
of the RF phase difference of the two signals being 
compared. Phase changes in this difference signal 
can be detected by comparison with an equal fre
quency signal which is locally generated. In this 
manner, a method of fine control is provided by 
RF cycle matching. Time difference is measured

by the phase shifts required to maintain die phase 
conditions for signal pairs.

A reference oscillator system, using only two 
base stations but requiring a precision reference 
oscillator in the missile, integrates the time dif
ference to measure range absolutely. It establishes 
circular lines of. position about the two base sta
tions.

The term "precision reference oscillator” is a 
slight understatement. The requirement for this 
airborne oscillator is such that it starts its cycles 
at the regular period intervals throughout its op
erating life. Practical oscillators have a slight phase 
angle change with changes in load, power supplies, 
temperature, or physical conditions. Any slight 
phase shift in this system would create error that 
would be difficult to detect,

TERRESTRIAL REFERENCES '
FOR LONG-RANGE GUIDANCE

Various mapmatching guidance systems have 
been suggested and devised. The main idea of an 
electronic unit of. this sort is the comparison of a 
photo or map contained in the equipment with an 
image of the area the missile is flying over.

If a negative and a positive transparency of a 
scene were to be matched and held up to the light, 
the combination would appear opaque. Now if 
either transparency were moved somewhat in re
spect to the other, light would show where images 
were out of register. If one transparency were con
tained in a frame activated by a servo, it would 
be possible to devise a detecting control mecha
nism that would automatically rematch the images. 
Instead of a positive transparency, the projected 
image from a lens or a radarscope could be used 
to show the actual picture of the area being tra
versed.

At this point, it would be best to rule out day
light systems; that is, the use of photographs of 
the actual course or target area. A daylight system 
would put restrictions on operations caused by 
visibility conditions and would limit operations to 
a time when interception by target defenses would 
bo easier. A radar mapmatching system would 
have no limitations as to the effects of weather or 
darkness. It has some other drawbacks which are 
covered later.

Magnetic guidance is another type of mid-
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course terrestrial guidance used in missiles. This 
type is discussed after the mapmatching system.

Radar Mttpmatching Syitarm
T lie block diagram in figure 9-43 illustrates a 

workable guidance system which uses radar map- 
matching. Although more adaptable as a homing 
system, radar mapmatching can be used for long- 
range guidance.

The radar map c< nparison is made by project
ing the PPI image, by means of a rotating offset 
lens, through a negative transparency of the same 
region and onto a photomultiplier tube. When the 
PPI image coincides with the map image, the light 
transmitted is minimum. The map is printed on a 
strip of film and the lens rotated, causing the PPI 
image to be moved in a small circular pattern on 
the film. The effect produced in the photomulti
plier tube output is similar to that obtained by an 
olTsct radar scan. When the output is properly 
commutated, left-right and fore-aft information 
is obtained.

The commutated pulses from the output of the 
photomultiplier tube are applied to DC discrim
inators and integrators; then, following through the 
block diagram, this information is supplied to two 
loops, lateral and longitudinal. The left-right in
formation is applied to a servo-amplifier which 
drives the film carriage laterally to maintain the 
match. The position of this carriage is picked off 
as an error voltage for the control system. As the 
missile turns on its yaw axis, the film carriage is 
moved and the error canceled out.

The fore-aft information is applied to the longi
tudinal servo loop which pulls the film through the 
holder at the correct speed to maintain the match. 
The film is moved at a rate proportional to the 
groundspeed of the missile. The film may be keyed 
to indicate the location of a change of course or to 
initiate dive action.

Errors in indicated longitudinal position can re
sult from a difference in altitude between recon
naissance and tracking runs, because of slant 
range distortion and altitude-return delay. The er
ror is greatly decreased if the altitude error is 
compensated for in the longitudinal and lateral 
loops. It is known that altitude and azimuth errors 
produce lateral and longitudinal errors, which are 
sine and cosine functions of the antenna (vertical) 
scan angle. These false error signals cause an in

teraction between the loops. The interaction varies 
with different loop gains. Altitude and azimuth 
error signals arc not derived conventionally from 
an altitude or azimuth discriminator. Altitude sig
nals come from the lateral discriminator and are 
fed into the altitude error detector. The altitude 
integrator uses this Output to furnish the altitude 
compensating circuit with a signal for expanding 
or contracting the video presentation; The video 
presentation is expanded or contracted to make it 
correspond to the scale of the transparency. The 
azimuth signal is derived in the same sort of func
tional circuitry, but its output is used to orient the 
antenna horizontal scan on the proper bearing.

It is necessary to have good angular match 
(within about 1°) before accurate left-right and 
forc-aft information can be obtained. The original 
angular match can be obtained by means of a 
magnetic auxiliary such as a compass. The match 
is maintained by the azimuth loop of the system.

Two types of holders for the film are possible. 
A frame-type film holder is the larger and more 
complicated, mechanically, of the two. It switches 
separate frames into the system and affords an 
easier initial lockon. The best method for investi
gating the filmstrip seenis to be by scanning it 
through a mask with a semicircular opening, as 
shown in figure 9-44,

The filmstrip is pulled at a rate corresponding 
to the groundspeed of the missile. The length 
of a strip may need to be only about 1/20 of that 
of the frame-type map.

The radar maps used are the result of two pro
cedures. Of these procedures, actual mapraaking 
flights over the terrain to be used is the best 
primary method. The actual reconnaissance of a 
target area, a procedure required by this method, 
may be difficult; so synthetic maps are often used.

Synthetic thiokol base compositions of relief 
maps of the area to be flown over are built up, 
using ordinary maps, aerial photos, and other in
telligence information. The map is then photo
graphed, using ultrasonic radar-trainer techniques. 
This map can be used with a success that is only 
slightly inferior to the actual maps.

The radar equipment used with this system 
would have the same requirements as one for a 
bombing navigation system. The CRT indicator 
would have to give minimum distortion to the pic
ture. The same type system would be used in
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reconnaissance and actual matching flight. This 
indicator unit must have ( ! )  precision ground 
range sweeps, (2) PP1 presentation, (3) precision 
range and azimuth markers, (4 ) high-resolution 
flat-faced cathodc-ray tubes, (5) provision for 
moving the indicator presentation proportionally 
to the groundspeed of the airborne vehicle* and 
(6) provisions for use as an accessory to a stan
dard airborne radar set. The other radar-system 
components would be conventional with emphasis 
on reliability.

Radar mapmatching provides accuracy equal 
to homing systems, and this type of operation may 
be most useful. The system is better suited as a 
terminal guidance system than a midcourse sys
tem because it does not give control on over- 
water flights of any length or on flights over ter
rain lacking distinguishing features. Electronic 
countermeasures are a big drawback to the use 
oE the system; a protection against countermea
sures is the highly directional antenna.

As a result of the drawbacks, this system may 
be used in combination with a fairly accurate 
and nonradiating midcourse system. The terminal 
guidance would be used for a minimum of time 
prior to explosion so as to afford the greatest 
surprise since this would be the best way of 
circumventing possible countermeasures.

Magnetic Guidance Systems
A comparatively economical, although not too 

accurate, system primarily suited to a long-range 
midcourse guidance is a magnetic guidance sys
tem. The characteristics of the magnetic field 
around the earth are fairly well known and quite

predictable. The magnetic field provides another 
method of determining a line of position. Three 
characteristics of the earth magnetic field that 
would be useful in guidance are (1) lines of equal 
magnetic deviation (isogonic), (2) lines of equal 
magnetic inclination or dip (isoclinic), and (3) 
lines of equal magnetic intensity.

A magnetic compass and its refinements, the 
flux gate compass and gyrosyn compass, furnish 
one method of using the earth magnetic field for 
navigational purposes. Through use of the com
pass alone, no means can be devised to recognize 
or compensate for drift that occurs in a missile. 
A line of equal magnetic intensity exists uniquely 
through a set of points and can be measured 
and charted. Equipment designed to measure the 
intensity of the earth magnetic field, an example 
of which is the flux valve, has been devised for 
various purposes and can be used in missile guid
ance systems.

With an external magnetic field present, the 
signal output at a flux yalve is the second har
monic of the excitation frequency. Without the 
external magnetic field, no second harmonic sig
nal would be evident. The strength of any second 
harmonic output is proportional to the intensity 
of the external magnetic field. The foregoing only 
holds true if the coil axis of the flux valve is prop
erly aligned with the lines of force of the external 
field.

Consider the structure of a system which could 
guide a missile using these magnetic lines. The 
block diagram in figure 9-45 is an example of 
such a system. To measure the total intensity of 
the earth magnetic field, three flux valves are rc-
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quired. These elements are aligned along three 
mutually perpendicular axes and rigidly fastened 
to one another. These elements, shown in the dia
gram, are known as the transverse orienting, the 
axial orienting, and the detector coils. The trans
verse and axial coils arc connected into servo 
loops in such a way as to null out. The nulling 
out of the transverse and axial coils with respect 
to an external magnetic field leaves the detector 
coil oriented along the direction of the earth 
total magnetic field.

The signal output of the detector coil is con
nected to an electronic unit which produces error 
voltage signals (shown as 400-Hertz signals to 
the controls). The output of this unit may be ad
justed to zero volts for any given magnetic in
tensity of the adjustment of a variable DC bias. 
The output error signal is an AC voltage whose 
amplitude is a measure of the amount of deviation 
from the desired line of position and whose phase 
is a measure of the direction of error.

The electronic unit consists of the detector and 
axial orienting channels. Note that the oscillator 
supplies signals of the fundamental frequency to 
all three channels. Automatic volume control and 
filter elements which are used to insure signals 
of constant amplitude free from harmonics are 
incorporated in the stable oscillating unit.

The detector coil output, distorted by the effect 
of magnetic fields described previously, is con
nected to a filter which removes the fundamental 
frequency. The resultant second harmonic signal 
is connected through an amplifier to a frequency 
divider, which converts the signal frequency to 
that required by the control system.

A source of regulated DC, shown being fed into 
the detector coil, is provided to balance out part 
of the earth magnetic field and also to provide the 
zero adjustment for any field-strength measure
ments.

The axial and transverse orienting channels arc 
identical in structure to the detector channel. The 
second harmonic outputs of these channels arc 
heterodyned with a proper signal to feed one 
phase of the positioning servos.

A magnetic system consists of two components, 
a magnetometer and an electronic unit. The mag
netometer would be so located as to isolate it 
from stray fields arising in the missile equipment. 
Tactically, magnetic guidance increases system

security. For midcourse flight it permits a silent 
missile which makes detection difficult and, for 
all practical purposes, eliminates the possibility 
of jamming. It has the added advantage of un
limited traffic and target-handling ability.

Accuracy can be good up to about seven miles 
from the target but is limited to the course fine 
only. No method of determining range is avail
able, The missile would have to be launched near, 
or flown to the vicinity of, the line of intensity 
that crosses the target area. No evasive action 
could be taken by the missile. •

While the magnetic field at the surface of the 
earth is accurately charted, the field at higher 
altitudes is not so well known. The local magnetic 
irregularities would have less effect at high alti
tude, so the field of the earth would be more 
regular and predictable at these altitudes. Mag
netic storms and the area near the magnetic poles 
create unpredictable conditions that prohibit tire 
use of magnetic guidance under such conditions.

SECTION C  
Terminal Guidance

In the final phase of its flight, the missile may 
be guided all the way to the target. These systems 
are referred to as terminal guidance systems. 
There are several guided systems that fa ir into 
this category. The most common ones are the 
short-range homing systems or some type of iner
tial system. These terminal systems may also be 
the only guidance systems used in short-range 
missiles.

HOMING GUIDANCE SYSTEMS

A homing system is a specialized form of guid
ance— selecting and identifying a target through 
some distinguishing characteristic of the target. 
Such identifying characteristics as heat or sound 
from a factory, light from a city, or reflections of 
radar waves from a ship or aircraft are used us 
the intelligence to direct the missile to the target.

Homing systems m «y be classified in three 
groups: passive, scmiactive, and active. A passive 
homing system is one which is designed to select 
and identify the target by means of natural emana
tions or radiations from the target itself. Such 
radiations as heat waves, light waves, and sound 
waves have been used in passive homing systems.
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A semi active homing system is one which selects 
;i target by means of energy from an external 
smircy. such as a tracking radar, reflecting from 
the larger. This radar may be ground based or air
borne. Equipment used in semiuetivc homing sys
tems is more complex and bulky than that used in 
passive systems. It provides homing guidance 
over much greater ranges and with fewer external 
limitations in its application.

In an active homing system, the target is illumi
nated by equipment in the missile itself. In an 
active radar homing system, for example, both 
the transmitter and the receiver are contained 
within the missile. '

Another way to divide homing systems is by the 
frequency spectrum to which the system is sensi
tive (seeks out). A brief description follows of the 
various types of seekers.

Moving through the spectrum from low to high 
frequency, sound has had some use in seeker 
systems. Naval torpedoes have been developed as 
passive sound seekers, but such seekers have cer
tain drawbacks. The sound-seeking missile is 
limited in range and utility because it must be 
shielded or built so that its own motor noises 
and sound from the launching point will not affect 
the seeker head.

Electromagnetic radiations are the most popu
lar of the media of the homing systems. Radio has 
use in the passive homing system. The seeker acts 
as an automatic direction finder on a frequency 
being transmitted from the target area, and it 
homes on that frequency. There are no weather 
or visibility restrictions, but it is unlikely that 
theic would be a radio transmitter conveniently 
operating in a target area. Radio jamming can 
do a thorough job of “confusing” such a unit.

Radar can be used in any of the three classes 
of systems but is best suited for semiactive and 
active. At the present this use of electromagnetic 
radiation in a target seeker is foremost in effec
tiveness. Radar is little restricted by weather or 
visibility; but it is susceptible to enemy jamming.

Neat is best used with a passive type seeker. 
It is difficult to jam or decoy hcat-sccking sys
tems when used against aerial targets because 
the heat developed by engines and rockets of 
the aerial targets is difficult to shield. With a 
sufficiently sensitive sensor, this system is very 
effective.'

Light is useful in a passive seeker system. How
ever, its use is restricted by both weather and 
visibility. Such a system is quite susceptible to 
countermeasure techniques.

Various flight paths or trajectories may be de
termined with respect to fixed targets, but for 
moving targets special requirements must be met. 
In homing systems, the sensing elements must be 
sharply directional to perceive small angutar dis
placements between a' missile and a target.

Conical Scanning

To make the sensor directional, it is rotated 
about its central axis in such a way as to produce 
conical scanning. This type of scanning is called 
"conical” because the area viewed or scanned 
by the rotating sensing element is in the form of 
a cone with the sensor at its apex. If the target 
is slightly off the axis of the scanner, the signal 
emitted by the target (or reflected from it) is 
stronger at one position of the scanner than at 
any other position. The amount and direction of 
its deviation from the axis can be measured and 
converted into electrical error signals or error 
voltages.

In this manner conical scanning can be used 
to provide the control voltage to make tbe antenna 
or sensing device follow a target automatically. 
As in the case of a beam rider, either a rotating 
parabolic reflector or a rotating sensor (dipole) 
can be used to develop the conical scan.

When conical scanning is employed in homing 
systems designed to respond to waves of heat, 
light, and sound, relationships similar to those 
found in radar exist between the energy received 
and pointing errors. Conical scanning provides 
means for generating error voltages proportional 
to position errors between the missile and the 
target and may be used with many different types 
of sensing devices. The accuracy obtained from 
conical scanning systems, in addition to their 
adaptability and ruggedness, has led to their com
mon use in missile homing systems.

Two or more sensing devices may be fixed in 
position with respect to one reference axis, such 
as the longitudinal axis of the missile, to provide 
up-down or right-left position data. Such a hom
ing system would function only in a missile that 
was perfectly roll stabilized. It the missile should 
roll about its longitudinal axis, the sensing element
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designed to view a sector around the elevation 
or pitch axis might be displaced so that it would 
view u sector around the azimuth or yaw axis and, 
therefore, cause actuation of the wrong set of 
controls. In other instances, especially in tracking 
u moving target, the fixed scanner would require 
a constant reference plane to .develop accurate 
position signals.

1 July 1972

Application* of Homing System*
The infrared homing devices are suitable for 

use against such targets as mills, factories, bridges, 
railroad yards, jet aircraft, troop concentrations, 
si lips, or any targets which present large tempera
ture dilfcrcntials with their surroundings.

The degree of temperature of the target is not 
important, but the difference in temperature bc-
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tween the target and its surroundings is the factor 
which enables the heat seeker to identify the target.

Compare this principle to light seekers, which 
are used in missiles designed for use against tar
gets which present a contrast in illumination 
against their background light. Again, it is the 
contrast of-the light and not its intensity which 
enables the light seeker to home on its target.

Sound trackers arc suitable for use against such 
targets as ships, wherein the sound tracker homes 
on the sound of the propellers. Such a device 
would be used on a torpedo. Although underwater 
attack missiles are included in the designation of 
missiles, the use of sound trackers by USAF is un
likely.

P

All homing systems are subject to limitations 
in use. For example, the heat seeker requires a 
clear, moisture-free atmosphere and could be led 
astray by countcrmcaures such as fires set to guide 
it away from its target. The light seeker may be 
decoyed away from its objective by bright flares. 
This system requires an unobstructed view of a 
fight-emitting target for accurate homing. Sound 
seekers are subject to diversion unless they are de
signed to home on sound of a specific frequency.

A m  52-31

such as that produced by a ship’s propellers turn
ing at a constant rate.

Because of the need for an accurate homing 
procedure during the terminal phase against an 
air target, several methods of guidance have been 
tried. Two methods which have proved satisfactory 
so far arc pursuit homing and lead homing. Either 
may use infrared, fight, or radar homing heads.

P u r s u i t  H o m i n g . Pursuit homing is that type 
of guidance which requires that a missile travel 
directly toward the target at all times, as Shown 
in figure 9-46. A fundamental requirement of any 
homing system is that the. sensing scanner be ac
curately alined with the longitudinal axis of the 
missile in which it is installed. The controls arc 
actuated so that its longitudinal axis is always in 
line with the target. If the lateral or sideways ac
celerations required on such a course are com
puted, they arc found to become increasingly 
larger on the last part of the flight path. It is this 
portion of the flight path which is most critical in 
obtaining a hit. Since the antiaircraft application 
is one of the most important of the fire control 
problems,' the use of pursuit homing against fast- 
moving targets presents certain difficulties. Pursuit

1 July 1972
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homing at the present time appears limited in ap
plication.

Lead Homing. Compare this type of homing 
to pursuit homing. Assume that the homing head 
or scanner is able to determine the angular rate of 
change of its course direction as the missile pur
sues the target. This must be in addition to de
termining the direction of the target. If the missile 
can be set on a course which keeps its angular 
rate of change at zero, the condition under which 
the missile travels directly toward a collision point 
is established.

See figure 9-47. Notice that the missile com
pletes the final and critical portion of its trajectory 
in a straight line. Both vertical and lateral accel
erations are small and the most efficient flight path 
is attained. To obtain this increased intelligence, 
the homing head requires more complex equip
ment.

Most missiles equipped with active or semi
active homing systems of the radar type use lead 
homing guidance and follow a trajectory known as 
a constant true bearing (CTB) course, On a mis
sile, this type of guidance seldom calls for lateral 
accelerations which are greater than those of the 
target. CTB is defined as guidance along a path 
such that the absolute bearing angle between the 
missile and the target remaios constant.

It is not possible to construct a control system 
which will guide a missile along a pure CTB path. 
If the absolute bearing angle is to be kept constant, 
all movements of the target would have to be in

stantly sensed and counteracted without any lag 
whatsoever. The missile cannot detect changes in 
velocity of .he target but only changes in its target 
path. To effectively use CTB, the missile must de
tect a small change in the absolute bearing angle 
before it can begin to follow the movement of the 
target.

The resulting trajectory is only an approxima
tion of a pure CTB path and is known as propor
tional guidance. When there is an angular dis
placement in the line of sight, the missile angular 
velocity or lateral acceleration will be made pro
portional to this error angle. The enor angle is 
the difference between the new angle of sight and 
the original absolute bearing angle. This system 
requires a certain amount of lead if it is to operate 
with stability.

The “tracking loop" in the equipment acts to 
track the target and then give an output voltage 
to the homing computer which is proportional to 
the rate of change of the bearing angle. Once the 
target-bearing information has been acquired by 
the sensor unit, the computer converts the infor
mation into electrical signals (voltages) suitable 
for controlling the flight path to the target.

PASSIVE HOMING SYSTEMS

The basic components of a passive homing sys
tem includes such items as a sensing element, fil
ters, a scanning system, a reference generator, 
amplifiers, phase inverters, a square wave gen-
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orutor, error signal computers, control circuits, 
.mk! relays.

The principal dillcrcnccs within passive hom
ing systems lie in the type of sensing elements and 
'■canning devices employed. The block diagram 
shown in figure 9-4X is representative of passive 
homing systems in general. The sensor to be used 
in such a system is Jetermined by the characler- 
i tie radiation from the target. Heat sensitive or 
infrared sensors are sometimes of the lead sulphide 
typo, or more often of the nickel oxide type com
monly known as bolometers.

Scanners, Reference Units, and Computers
The parabolic reflector surface or mirror used 

in scanners must be of some material which will 
not absorb the radiations received from the target 
Init will reflect them to the sensing element. Refer 
to figure 9-49, Notice how the sensor is located 
on the axis of rotation of the reflector. The entire 
scanning assembly should be well balanced and 
free from mechanical and optical defects. It should 
be mounted in a chamber to protect it from ex
ternal pressure, moisture, and any other factors 
which might interfere with its operation. Other 
scanning methods applicable to homing systems 
include the fixed sector scanner, wherein several 
sensors are used, with each sensor mounted or 
focused to view a specific portion of the total area 
scanned.

The reference unit or reference generator used 
in most homing systems is a two-phase generator 
with output voltages 90° apart. One output may 
be used as a reference for elevation and the other 
for azimuth. Some systems use regulated voltages 
from a power supply For reference, while other 
systems may use batteries which are carefully cali
brated to maintain fixed DC reference levels. Re
gardless of type, the reference unit supplies the 
.tandard with which the received signal is com
pared to determine the variations in amplitude and 
phase which result from position error. Passive 
homing systems, such as a heat seeker employed 
in small missiles, generally use battery power sup
plies from which the reference voltages are ob
tained, In such systems mechanical switching de
vices or commutators may be used to provide 
phase comparison with the DC reference.

The course computer or comparator unit con
tains the circuitry in which the signals from the 
target arc compared with the reference voltage. 
This comparison produces the error voltages 
which are applied to the missile control actuators. 
The error voltages should be well filtered to pro
vide a steady DC level for activation of the re
lays. These components may be classified as mix
ers, integrators, and rate measuring devices.

Power Supplies
Power for the electronic circuits and the servo
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controls associated with passive homing sv.stems 
is primarily supplied from lead-acid storage ceils. 
For circuits requiring alternating c u rre n t the 
AC may be supplied by small inverters or by 
vibrator-type power units similar to those used 
in automobile radios. Low-voltage pulsating DC 
may be obtained from vibrators raised to higher 
potentials by moans of transformers. The brief 
period of operation of a passive homing system 
makes possible the use of relatively small, high- 
amperage storage cells.

AIM-4D Falcon Missile

The heat-seeker (infrared) homing system is 
used in the A1M-9B Sidewinder and the AIM-4D 
Falcon missiles. Both of these missiles have 
proven their capability in combat. Figure 9-50 
gives a block diagram of the guidance system used 
in the AIM-4D,

Guidance F unction. The guidance function 
contains the elements which track the target and 
steer the missile. Infrared energy emitted by the 
target is processed into the two signals required 
for missile operation: the precession error signals 
for tracking the target and the steering error sig
nals for steering the missile. An error in the mis
sile’s collision course, or a maneuver by the target, 
will cause rotation of the line-of-sight as seen by 
the missile. This line-of-sight rotation develops 
signals which cause the receiver to track and pro
duce proportional deflections of the missile con
trol surfaces. The missile then attempts to counter
act any change in the target's bearing by flying a 
new collision course.

The guidance function consists of five sections: 
receiving section, error signal section, receiver 
gyro control section, steering signal section, and 
steering servo section. The receiving section con
verts the target energy into an electrical signal, 
the modulated carrier signal, and develops AGC 
voltages which maintain the carrier signal at con
stant strength. In the error signal section, the 
carrier is demodulated to separate the modula
tion envelope, which contains the useful tracking 
and steering information, from the carrier. In the 
yaw and pitch error signal channels the modula
tion information is compared with the reference 
pips from the phase reference generator channel 
and resolved.

R eceivino Section, The receiving section de

tects infrared energy emitted by the target and 
produces the carrier signal with modulation 
phased according to the target position. The modu
lated carrier is sent to an error signal section for 
phase detection into its yaw and pitch compo
nents.

E r r o r  S i g n a l  S u c t i o n . Refer to figure 9-50. 
The received signal is demodulated, amplified, 
and resolved into yaw and pitch error signals by 
comparison with signals developed by a. phase 
reference generator. These error signals are ap
plied to the receiver gyro control section to cor
rect optical system tracking, and to the steering 
section to effect guidance of the missile. The error 
signal consists of the tracking error signal channel, 
yaw and pitch error signal channels, and the phase 
reference channel.

Tracking error signal channel. The tracking 
error signal channel detects the error signal, am
plifies it, and applies it to the yaw and pitch er
ror signal channels.

The tracking error detector, CR 505, demodu
lates the carrier signal and produces a tracking 
error signal that is applied to KiGAIN adjust 
R401 (figure 9-50). R401 sets the total gain of 
the tracking error signal channel and contributes 
to the overall tracking time constant.

The X TALK R402, in conjunction with 
KiGAIN R401 and C402, forms a phase shifting 
network which corrects the phase of the tracking 
error signal so it can be properly compared with 
the phase reference pips in the error signal chan
nels. The phase reference pips come from the 
phase reference generator in the phase reference 
channel. These pips control the sampling of the 
error signal by the error signal channel and rep
resent the nutational position of the telescope 
optical axis relative to the missile fuselage, thus 
providing tracking orientation. The tracking error 
signal, in passing through the receiving section, 
is delayed because of the inherent phase shifting 
characteristics of each stage. Without further com
pensation, the tracking error signal would arrive 
at the error signal channels in a phase that would 
give incorrect coordination with the phase refer
ence pips. This would result in cross-talk between 
the yaw error signal channel and the pilch error 
signal channel.

The tracking error signal is amplified by am
plifier V401. The signal is then fed to cathode
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follower V402 which provides a low-impedance 
source for driving the error phase detectors. The 
voltage developed across the cathode resistor is 
coupled to the yaw and pitch error phase detectors.

Yaw error signal channel.. This channel ex
tracts the yaw information from the tracking error 
signal and develops signals which are used to steer 
the missile and reposition the receiver. The yaw 
error phase detector, V408, is gated on by the 
l-yaw pips and conducts for a short time, either 

charging or discharging a storage capacitor. The 
direction of conduction depends upon the relative 
time of occurrence of the pip and the phase of 
the tracking error signal at that instant. The mag
nitude of conduction depends upon the amount of 
pointing error of the receiver gyro. The pip vol
tages indicate the instant at which the optical 
system is pointing in either the +yaw, 4-pitch, 
-yaw, or -pitch direction. If the missile sees the 
target at a point above it and to the left, figure 
9-51, the error may be represented by a vector 
which can be resolved into a pitch error compo
nent and a yaw error component. In this case, the 
-yaw pip would occur while the tracking error 
signal is positive. Because of the position of the 
target, the pitch error component and the yaw 
error component are nearly equal. The -yaw pip 
and the i pitch pip occur at such a time that yaw 
error phase detector V408 and pitch error phase 
dcctor V404 conduct equally and put equal 
charges on their respective storage capacitors. 
The +  yaw pip and -pitch pip occur 180* later 
and cause yaw error phase detector V409 and 
pitch error phase detector V403 to conduct equal
ly but in the opposite direction to V408 and V404. 
The output of the yaw error detectors is a push- 
pull DC voltage. If the target appeared closer to 
the -yaw axis, the yaw error component would 
be larger than the pitch error component. The 
-yaw pip would then occur closer to the maximum 
of the tracking error signal and the +  pitch pip 
would be closer to the crossover point. This would 
be manifest by greater conduction in the yaw 
error phase detectors than in the pitch error phase 
detectors. Because the target would still appear 
between the +  pitch and -yaw  axis, the +  pitch 
pip and -yaw pip would still occur during the 
positive portion of the tracking error signal.

If the target appeared between the +yaw and 
the +  pitch axes, phase of the tracking error sig

nal would change and the signal would be positive 
during the 4-yaw and 4- pitch pips. If the error 
was in pitch only, the +  pitch and -pitch pips 
would occur during the positive and negative max
im urns, respectively, of the tracking error signal 
and the yaw pips would occur at the crossover 
points since there is no yaw component.

Pilch error signal channel. The pitch error sig
nal channel operates in the same manner us the 
yaw error signal channel. The channel receives 
the same tracking error that is applied to the yaw 
channel, but the reference pips are the +  and -  
pitch pips from the phase reference generator.

Phase reference channel. This channel consists 
of a phase reference generator which develops the 
pips used to determine the times at which the 
tracking error signal is sampled. The phase refer
ence generator is physically an integral part of the 
receiver gyro. The pips are related to the rotational 
position of the telescope, and provide spare refer
ence for the steering error and precession error 
signals.

The generator (figure 9-52) consists of four 
coils mounted on the stator of the receiver gyro 
and a small permanent magnet mounted on the 
rotor. The four coils are equally spaced at 90° 
intervals around the stator. As the rotor spins, 
the magnet induces* a voltage in each coil. A 
positive voltage is induced while the magnet is 
approaching the coil. When the magnet is directly 
opposite the coil, the voltage decreases to zero. 
As the magnet recedes, it induces a negative volt
age. Because of the speed of the motor these volt
ages arc very short positive or negative pips. The 
pips are applied to the phase detectors where they 
serve as reference voltages to key the sampling 
of the tracking error signals.

R e c e i v e r  G y r o  C o n t r o l  S e c t i o n . This sec
tion (refer to figure 9-50) positions the receiver 
gyro (and thus the optical system which is 
mounted on it) in response to slaving signals 
or precessing error signals. The torquer spinner 
motor provides the force that positions the gyro 
by precession. Torque is split into two directional 
forces to cause yaw and pitch gyro precession by 
torquers in the yaw and pitch gyro control chan
nels.

Gyro Tracking. See figure 9-53. The receiver
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gyro is mounted on bearings which allows it to 
rotate about the pitch and yaw of the missile. 
Since the optical system is mounted on the gyro, 
any movement of the gyro is in fact a movenv nt of 
i he optica] system. The gyro stabilizes the optical 
system in space; it maintains its spin axis in a

fixed direction in space regardless of the turning 
motions of the gyro mount (missile fuselage). 
The gyro is positioned by using its properties of 
precession Any force which attempts to turn 
the gyro is resisted. The force docs have an effect 
which is felt 90° away in the direction in which

+  PITCH

Figure 9-52. G«n»ratfon o f Phas* Roforonco Pips
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C

the rotor is spinning. For example, if a move in 
the yaw direction is desired, a torque is applied 
about the pitch axis. This torque is felt 90* away, 
resulting in yaw precession.

In figure 9-53 the gimbal mountings are equiva
lent to the yaw and pitch bearings. The pitch 
torquer is energized and is applying torque about 
axis C-C. This torque is attempting to rotate the 
gyro assembly to the right and is equivalent to 
applying a force at point ( 7 )  in the forward direc
tion. The effect of this force is felt at pom t(5) 
ind causes the gyro to rotate about axis B-B m 
the direction shown by the pitch motion arrow. 
Similarly, yaw torque from the yaw torquer is 
equivalent to a force in the forward direction at
point (5) .

The effect of this force is felt at point ( 3)  and

causes yaw motion about the C-C axis. The com
bination of these motions causes the gyro to point 
down and toward the left, which is the correct 
direction to reduce the tracking error.

S t e e r i n g  S i g n a l  S e c t i o n . The steering signal 
section processes the push-pull steering error sig
nals developed in the error signal section and 
applies Lhem to the steering servo section. (Refer 
to figure 9-50 continued.) The steering signal 
section consists of the yaw and pitch steering 
signal channels, and the damping channels.

The steering servo section feeds the yaw and 
pitch error signals to the respective “flipper con
trols'* to correctly steer the missile on its flight 
path.

The automatic tracking and steering channels 
are similar in all passive homing systems. The
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circuitry and methods to accomplish the steering 
functions will differ as to the choice of different 
manufacturers and Air Force requirements.

SEMIACTIVE HOMING SYSTEMS

Semiactivo homing systems arc generally of the 
radar type, They are employed in missiles designed 
For longer ranges than those using passive homing 
systems. The basic components include tracking 
radar, sensing units, scanner, reference generator, 
receiver, range circuits, gating and sweep circuits, 
control circuits, servo system, and computers. 
Except for the sensing element, most of the circuit 
functions are similar to those presented under the 
passive homing system.

Tracking Radar

The tracking radar used to illuminate the target 
for semiactive homing may be any conventional 
radar of the antiaircraft or airborne fire control 
type designed to track a target automatically. Its 
radio-frequency and pulse-repetition rate must be 
acceptable to the receiving equipment used in the 
missile.. Radar sets of this type radiate a high- 
power RF beam to provide strong echo signals 
and usually employ conical scanning to track the 
target.

Sensing Unit*

In homing systems using radar, the antenna is 
the sensing element. Antennas used in semiactive 
homing systems may vary widely in type and con
figuration. The type of antenna will depend on 
the electrical characteristics of the radar system 
as well as on the configuration of the missile.

Direct A ntenna . Direct pulse antennas must 
provide for unobstructed reception of pulses from 
the tracking radar throughout a wide range of 
angular deviations of the missile with respect to 
the ground radar position or a radar-equipped 
fighter. These antennas are sometimes mounted in 
an aft section of the airframe and are usually 
slotted waveguides.

Echo Antenna. The echo or forward antenna 
is located in the nose of a missile and usually is 
a fixed dipole with a rotating offset parabolic

reflector to provide conical scanning. In homing 
systems designed to guide a missile by propor
tional guidance, the echo antenna and scanner are 
gimbal-mountcd to provide a wide range of angu
lar movement. This enables the target-secking 
antenna to lock on the target at an initial bearing 
angle and thereafter provide the angular changes 
in the missile trajectory to bring it into collision 
with the target.

Scanner

Conical scanning is used in semiactive radar
homing systems because it can be attained with 
a minimum of moving parts, and the components 
are readily adaptable to most airframe configura
tions. The high frequencies employed in radar per
mit the use of very small antennas without im
pairing the efficiency of the system. This minimizes 
the size of the parabolic reflector, spinner motor, 
and reference generator required for conical scan
ning. The power requirements of such a system 
are comparatively small.

The functions of other basic components to 
include reference generators, receivers, range cir
cuits, gating and sweep circuits, control circuits, 
servos, and computers are explained in a typical 
semiactive homing system used by the AIM-4A 
Falcon missile. Tins guidance system is described 
in the following paragraphs.

The guidance function steers the missile into 
collision with the target. The guidance function 
is composed of five sections: the receiving section, 
range tracking section, error processing and resolv
ing section, flight control section, and the antenna 
positioning section. Figure 9-54 shows an overall 
functional diagram of the system. The receiving 
section converts the reflected target energy into 
target error signals. Jh e  range tracking section 
operates in conjunction with the receiving section 
and provides a means of selecting the reflected 
target signal and rejecting all others. The error 
signal from the receiving section is resolved into 
its pitch and yaw components and converted to 
DC signals by tbc error processing and resolving 
section. These DC signals are applied to the an
tenna positioning section, causing the missile an
tenna to follow that target and are also applied 
to the flight control section to maintain correct 
steering.
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Receiving Section

The receiving section receives the echo signals 
reflected from the target and prepares them for 
use by the range tracking and error processing 
and resolving sections. The range tracking section 
uses the output of the receiver section as a refer
ence in generating range gate pulses to gate the 
receiver, and the error processing and resolving 
section uses the output to develop steering signals 
for the flight control section and error signals for 
the antenna positioning section. The receiving sec
tion consists of the antenna channel, mixer circuit, 
IF channel, video channel, and AGC channel.

Antenna Channel. The antenna channel re
ceives the target echoes, error modulates and feeds 
them to the mixer circuit. The antenna is acrosscd- 
dipole to give a circular receiving pattern, neces
sary to make the reception independent of the roll 
of the missile during flight.

Mixer C ircuit. Two microwave signals of dif
ferent frequencies, when applied to a crystal mix
er, produce an IF whose value is the difference 
of the two incoming frequencies. See figure 9-55. 
The new signal is detected by the crystal mixer 
and applied to a coupling network at the output 
of the crystal which is tuned to the frequency to 
be passed. This frequency is then fed through the

IF stages and several video stages to a gated video 
circuit, shown in figure 9-56. The video cathode 
follower V609-A isolates the gated video amplifier 
from the stages that follow and separates the gated 
target video pulse from the range gale pedestal. 
The pulse stretching diode CR602 (see figure 
9-57), third video amplifier V401-A, and cathode 
follower V407-A stretch and amplify the video 
pulse.

Range Tracking Section

The range-tracking section (refer to figure 9-54) 
generates receiver gating pulses, lime coordinated 
to select only the desired target video. This sec
tion consists of a range-tracking video amplifier 
circuit, time discriminator circuit, integrator cir
cuit, range gate timing circuit, and a range gate 
generating circuit. The range-tracking video cir
cuit amplifies the selected target video pulses and 
applies them to the time discriminator circuit. 
The time discriminator generates a DC error sig
nal if the range gate timing pulses applied to it 
do not occur in proper synchronization with se
lected target video pulses. If each target video 
pulse from the range-tracking video circuit is 
evenly bracketed by an early gate pulse and a
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figure 9-57. Vfdeo Amplifier and Shaping Circuit

late gate pulse, the discriminator circuit produces 
no output error signal. If the pulses are not evenly 
bracketed, a DC error signal is fed to the integra
tor circuit.

The integrator circuit smooths and amplifies the 
error signal and also provides lock-on memory. 
The output of the integrator circuit is a DC con
trol current, which is applied to the range gate 
timing Circuit, where it is used to control the 
frequency of a crystal oscillator. The integrator 
circuit controls the output frequency of the range 
gate timing circuit.

Error Procotting and Resolving Section

This section receives a nominal error signal 
from the receiving section and converts it to a DC 
error signal which is applied to the antenna posi
tioning section and flight control section (refer 
to figure 9-54). The section consists of the error 
processing channel, and the pitch and yaw error 
resolving channels. The pitch and yaw error chan
nels compare the error signal with a reference

signal and generate the DC error signal used to 
position the antenna and control the flight of the 
missile.

Flight Control Soetlon
The flight control section (refer to figure 9-54) 

provides the turning force for steering the missile 
to the target. The section receives steering signals 
from the error processing and resolving section. 
It uses them to position the control surfaces which 
control the flight of the missile. The flight control 
section consists of the pitch and yaw steering sig
nal channels, pitch and yaw positioning channel, 
aerodynamics stabilizing channel, and the hydrau
lic circuit.

ACTIVE HOMING SYSTEMS

Basic components of active radar homing sys
tems are essentially the same as those employed in 
the semiactive systems. In the active homing sys
tem, the illuminating radar and all other system
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components are located within the missile. The 
range and power of the system are limited by the 
capabilities 6f the missile electrical power supply 
and the type of components for which space may 
be available.

Some space is saved because no antennas or 
direct pulse receiver channels arc required. The 
target-seeking forward antenna is used for both 
transmission of the target-illuminating pulse and 
reception of the echo signals. This is made pos
sible by the use of a TR box (duplexer) to switch 
the antenna from transmitter to receiver automati
cally. The TR box protects the receiver against 
the high-power pulse from the transmitter and 
prevents absorption of the echo signal by the 
transmitter circuits.

In an active homing system, range data are 
determined by the interval of time elapsing be
tween the transmission of the pulse and the recep
tion of the echo from the target. The instant that 
the pulse leaves the antenna is considered as time 
zero, because it serves as the reference of base 
time for the sequence of operations of the homing 
system. Target position error is determined by 
conical scanning as lit the semi active homing 
system.

A modified active radar homing system which 
employs some of the principles of television is the 
map-matching system. Echoes- from the target

area are presented on a PPI cathode-ray oscillo
scope. Figure 9-58 shows how the PPI presenta
tion, or radar map os it is sometimes called, is 
compared with a previously prepared photographic 
map of the target urea. This is indicated by the 
film map which is unrolled or played back between 
the PPI scope and the camera tube, [f the radar 
map and the photographic map coincide, no light 
passes through them from the sensor (camera 
tube). If they do not match, light passes through 
the photofilm at the points of “mismatch” and 
falls upon a photoelectric cell or other light-sensi
tive pickup. This produces error signals which 
are used to reposition the missile until the maps 
coincide, indicating an on-course condition. If 
this system is used in u missile for homing, a map 
of the immediate target area is required. Use of 
the system is limited to targets which have been 
previously photographed or mapped, such as cities, 
canals, islands, and so forth. An important con
sideration is to use only areas where no significant 
changes in the surface of the mapped area have 
occurred subsequent to the time of mapping. Sur
face changes, such as flooding in large areas of 
the target zone, might produce large errors in the 
homing guidance. Such areas would produce dif
ferent echo intensities on the PPI scope pres
entation than would normal reflections. A PPI 
presentation, when compared with a photographic
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film map of normal surface conditions, would in
dicate a mismatch when none actually existed.

TERMINAL INERTIAL SYSTEMS

Two specific terminal inertial guidance systems 
arc known as the constant dive-angle system and 
the zero-lift (ballistic) inertial system.

Constant Dive-Angle System

Figure 9-59 is a general block diagram of a 
constant dive-angle system. As in any terminal 
flight system, midcourse guidance equipment di
rects this missile to some point in space known as 
the release point. At this point the midcourse 
guidance equipment is disabled, and the terminal 
guidance system takes over control of the missile.

As in other inertial systems, a stabilized plat
form is the reference plane containing the acceler
ometer sensors for a constant dive-angle system. 
Missile circuitry is then able to compute the mis
sile position during the dive with respect to the 
release point.

At release point, the outputs of the accelero
meters are fed to their respective computing chan

nels which arc somewhat similar to those in the 
simple inertial system. One accelerometer mea
sures lateral (direction) acceleration, and the 
other accelerometer measures longitudinal (dis
tance ) acceleration.

These acceleration signals can be changed by 
the integrators within the computer into velocity 
signals and then into signals representing positions. 
The distance computer channel generally does not 
need an output representing the position error. 
The computer channel for the distance channel 
of the constant dive angle has only one integrator, 
and the velocity signal is sent to the pitch servo.

When the velocity signal is of the correct con
stant value, there is no output from the computer 
to the pitch servo. The method of accomplishing 
this error-only output is explained in the preced
ing section in the discussion of simple inertial 
systems. If the computer output should differ 
from the desired value, there is an error output 
at the pitch servo. The error output causes a con
trol action that corrects the dive angle to the 
proper amount.

Vertical-D ive System. A variation of the 
constant dive-angle system is a vertical-dive sys
tem. This system makes use of the distance com-

1----------------------------------------------------------- 1

Figure 9-59. Constant Dive-Angle System
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TARGET

Figure 9-60. Flight Path using Vertical Dive 
Inertial System

puter which has two integrating blocks so that 
position error is the signal output. The desired 
signal output of the computer channels is a zero

error signal signifying that the missile is on the 
vertical path.

Figures 9-60 and 9-61 show the flight paths of 
vertical-dive and constant dive-angle systems. They 
make noticeable the fact that the vertical dive is 
a special condition of the constant dive-angle 
system. After the missile has completed its push
over arc and is diving straight toward the earth, 
any acceleration in a horizontal plane causes the 
missile control surfaces to react and bring the 
missile back to its original vertical path.

Push-Over Arc. The missile performs its 
movement through an arc before taking a straight- 
line course to the ground. This movement, known 
as push-over arc, is accomplished by precessing 
the vertical gyro of the automatic pilot about the 
pitch axis only.

There are many factors that determine the num
ber of degrees of arc and the rate of precession 
of the vertical gyro. The dive angle that the missile 
is to take is the primary factor in determining the 
number of degrees of vertical precession. Another 
factor is the angle of incidence of the wings.

Notice the upper missile in figure 9-62. If a 
missile longitudinal axis is pointing straight down, 
the wings have some lift because of the angle of 
incidence of the wings; thus the missile does not 
dive vertically. To correct for this, the missile

Figure 9-61. Flight Path using Constant Dive-Angle System
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actually has to nose over farther than the angle 
of dive as shown by the lower missile in the 
illustration. This is true of any constant angle dive. 
This compensating effect also is calculated to do 
away with the added lift effected by the wings 
resulting from the faster dive speed.

The rate of precession, or how fast the missile 
is to nose over, is an engineering problem involv
ing, among other things, the aerodynamic charac
teristics of the missile.

When this arc through which the missile moves 
is completed, a point is reached called dive point. 
At dive point, the automatic pilot is cut off from 
the yaw and pitch servos and has no further effect 
on die control surfaces.

Zero-lift Inertial System
A typical zero-lift inertial system is shown in 

figure 9-63. The diagram also shows the relation
ship between the terminal system and the missile 
control system (the autopilot).

The terminal equipment can be broken down 
into two separate functions. The first function is 
to establish the flight path, or programmed path, 
by means of a constant-speed motor whose rotor 
moves the wiper arm of a potentiometer. The 
second function is to keep the missile on this pro
grammed path by means of an accelerometer.

If the desired path is to be the theoretical ballis
tic path, which is a parabolic curve, the wiper 
arm of the potentiometer has to be moved from 
the ground end of the potentiometer at a constant 
rate of speed. If the voltage taken from the wiper 
arm (the programmed signal) is plotted on a graph 
with respect to time, the result is a straight line, 
as shown in figure 9-64. When this voltage is fed 
into a motor, the resultant displacement of the 
motor’s rotor is an integration of the input volt
age. As you will remember, the integral of a 
constant-slope line is a parabolic curve. The graph 
of this curve is plotted in figure 9-65.

The motor to which this programmed signal is 
fed is a part of the vertical gyro called a torquer 
motor (reference figure 9-63). The displacement 
of this motor rotor is used to precess the vertical 
gyro of the missile control system in the pitch 
axis; therefore, the gyro presents a parabolic path 
as a reference to the pitch channel of the missile 
control system.
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. Figure 9-63. Zero-L'tfl Inertial System

With a parabolic path as reference in the pitch 
axis, the missile tends to fly that path. Because 
of the angle of attack of the wings and the thrust 
of the engine, the missile actually flies some other 
path, unless some compensation is made for these 
factors.

This compensation is accomplished by means 
of an accelerometer which is mounted so that it 
is sensitive to accelerations in the vertical. If the

________ -------------------------------------------» ----------

Figure 9-64. Voltage from Potentiometer

wings have any lift, Lhe accelerometer senses this 
lift and originates a signal which corrects the 
precession of the vertical gyro. If there is some 
lift present, the signal from the accelerometer 
adds to the programmed signal in the mixer and 
precesses the gyro at a faster rate. If the missile 
noses over too far and negative lift is present, 
the accelerometer originates a signal which sub-
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tracts from the programmed signal in the mixer 
and slows up the precession rate of the gyro. Tire 
missile therefore flies a predetermined (theoretical 
ballistic > path to the ground as shown in figure 
9-66. The term zero-lift is applied to this system 
because the accelerometer signal compensates for 
any lift along the vertical axis.

Midcoursc guidance brings a missile to the de
sired release point, and it also sets up the circuitry 
for the terminal guidance equipment, including 
the release signal to drive the constant-speed mo
tor. The purpose of the power amplifier in figure 
9-63 is, as its name implies, to take the input 
signal and amplify its power so that it can drive 
the torquer motor.

In the case of either inertial system, the accur
acy of the terminal guidance equipment cannot 
exceed the accuracy of the midcourse guidance 
in determining release point. Of course, the ter
minal inertial systems themselves have inaccuracies 
which require compensation.

SECTION D
Composite Guidance Systems

As indicated previously, more than one guid
ance system is used in long-range missiles. These 
are sometimes referred to as composite guidance 
systems. Composite systems arc considered as 
several individual guidance systems working to
gether or in sequence to guide the missile through

all phases of flight. A combination of several 
systems is often neecssary because of the wide 
difference in requirements that have to be met. 
During the immediate launch or boost period, 
extreme acceleration sometimes prevents the use 
of normal guidance components. Such accelera
tions act to close • lays, preccss gyros, and satur
ate accdcromcicts which have the required 
sensitivities for ordinary flight conditions.

Usually, regular guidance system components 
that contain movable parts are locked in position 
or, at least, the circuits into which they work are 
neutralized to withstand the strain of launching 
operations. The missile airframes are designed 
sufficiently stable so that control settings made 
before launch will enable the missile to make a 
stable flight throughout the boost period. Even 
in a system which is “dead” during the boost 
period, any component with a movable clement 
is carefully balanced and positioned so that the 
longitudinal acceleration will not have a damag
ing effect.

After the boost period, the guidance equipment 
starts to function, cither because of timer opera
tions or the loss of the boost acceleration. Mid
coursc guidance is not always put into operation 
at this time. In ground launched missiles, the climb 
out period is necessary to get up to the proper 
altitude and position for midcoursc guidance to 
take over. The climb out period can be supervised 
either by a preset guidance system or by a form

figure 9-66, Flight Path using Zero Lift {nnrtiat Systwn
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of remote control. In some missiles there is no 
climb out period as a separate part of guidance. 
In these missiles the midcourse system takes over 
immediately following launch.

The midcourse trajectory usually is calculated 
to start at some point remote from the launching 
area. There are several reasons for this. Since 
midcoursc trajectory follows a great circle path 
or some similar defined characteristic, a launching 
on the trajectory would destroy the security of the 
launching location. By plotting the missile course 
and searching along its path, an enemy could 
locate the launching site. There also can be tech
nical reasons for delaying the start of the mid- 
course trajectory. A midcourse system using some 
terrestrial feature, such as magnetism or map
matching, requires a particular, outstanding char
acteristic which might not be present in the 
vicinity of the launcher.

To align the missile with the selected course 
and to calibrate the midcourse guidance equipment 
arc other guidance functions. These operations 
could- take place during climb-out, or they could 
be continuous, starting at the instant of launching. 
The midcoursc guidance equipment can be as 
self-calibrating or correcting as any homing equip
ment. In homing, the course is also constantly 
changing, but the missile can see its target directly 
and act to intercept it. In other guidance problems 
where the missile cannot see the target, the guid
ance equipment can be aligned and corrected to 
the actual missile position or to the missile position 
compared with the desired position at a particular 
instant of time.

In one system, correction is made after refer
ence to a source of information external to the 
missile. The whole correction system may be ex
ternal such as a radar, radio, or stellar tracking 
device. The device computes the existing error 
in terms of missile guidance parameters. Then it 
codes them and transmits them to the missile on 
a command link. In another system, the correction 
is contained in the missile. Such a system, for 
example, uses Doppler radar to measure ground 
velocities in transverse and longitudinal directions, 
and it also uses airspeed indicators or fixed beacon 
plotting radar.

In many missiles, the midcourse guidance sys
tem is considered the dominant one, with other 
guidance systems relegated to the position of aux

iliaries, The midcoursc system operates over the 
longest range and time. In short-range missiles, 
the midcourse is often the only actual guidance 
equij ment installed in the missile. In a composite 
guidance system, however, the accuracy of the 
flight depends on each of the auxiliaries to do 
its full job.

A midcoursc system must, in itself, be accurate 
because of the length of time it operates. An 
error-producing drift would produce an error 
which is proportional to the length of time it is 
accumulated. For example, a given error at the 
target corresponds to a very small drift in the 
midcoursc system and relatively large drifts in 
the other systems which only operate a small 
fraction of time of the midcourse system.

The possibility of failure of the midcoursc 
(main) guidance system also exists, so some means 
of providing a guidance signal in spite of the 
primary system failure is sometimes incorporated 
in a missile. The system that serves thb purpose 
is a true auxiliary. It may be used during the 
correction and alignment period, or it may exist 
for the sole purpose of a standby guidance system. 
This auxiliary might simply be an arrangement 
set to take over if primary signals are lost, or ii 
may provide for inertial continuation of the last 
correct signal conditions. As stated previously, 
it could be a completely separate system. Standby 
guidance is so arranged as to return the guidance 
function to the primary system if the primary 
system begins to function properly again.

C O N T R O L  M A T R IX

The selection of the guidance system which can 
control the path of the missile is a function of a 
special system. Guidance-system selection circuits 
could be scattered around within the electronic 
equipment of the missile, with each system
enabling circuitry located in dose proximity to 
the particular system it causes to function. Or 
all the selection circuits could be organized into 
one block, in which case the circuitry is called 
the control matrix. Separated or unified, the func
tions of the matrix components are the same. 
Their functions arc to select a guidance system 
operation in the proper sequence for the flight.

Control of a missile during flight can be pro
vided for by more than one source. Some signal
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is set up to designate the phase of flight the mis
sile is going through. This signal may come from 
playback equipment which uses a recorded tape 
to determine phases, or it may come from a com
bination of signals from various units such as 
radio control or primary guidance. A control 
matrix acts upon the signal, whatever its source, 
to provide the command which switches in the 
correct guidance function for the particular phase 
or period of flight.

A control matrix can be likened to an automa
tic telephone switchboard, automatically transfer
ring the correct signal to the control system 
regardless of conditions. By being able to provide 
a guidance function in spite of any eventuality, 
the control matrix furnishes the missile with the 
most correct guidance function.

If the midcourse guidance should become in
operative or unusable, the matrix switches in an 
auxiliary guidance system to hold the missile on 
course with an accuracy only secondary to that 
of the midcoursc system. If the primary midcourse 
system again becomes operative, the control ma
trix returns the guidance function to it.

The matrix can be considered as the automatic 
guidance switchboard or guidance sequencing 
computer. Inasmuch as the signals are of the on- 
olT variety, they can be considered as binary digits. 
A succession of these binary digits results in a 
signal, the nature of which can be considered to 
be dyadic (consisting of two elements). The con
trol matrix operation is analogous to a digital 
computer, and for a combination of digits fed in, 
the proper digit comes out.

V E L O C I T Y - D A M P I N G  D O P P L E R  R A D A R

A Doppler radar used for velocity damping of 
an inertial system is, somewhat different from the 
homing type of Doppler. The velocity-damping 
Doppler requires antennas to measure the for
ward and lateral components of velocity. These 
antennas have to be direction-stabilized so that 
the velocities along, and normal to, the flight 
path can be measured to nullify errors that a drift 
angle creates.

The antenna mounting has two antennas look
ing down and forward at a slight angle away from 
the roll axis of the missile. A third antenna looks 
to the rear. A comparison between the signals 
from the two front antennas is used to align the 
direction of the missile. A comparison between 
the forward and rear antenna signats gives the 
forward velocity. Drift is computed from the angle 
between the antennas fore and aft axis and air
craft heading.

A Doppler radar similar to the equipment used 
in bomb navigation equipment is used with a spe
cial marriage unit employed to couple the Doppler 
output into the missile computer,

Doppler would not be used continually on a 
flight, for such use would violate security. On 
long, overwater flights, Doppler is of little use 
because insufficient return is received from a rela
tively smooth, flat surface such as an ocean.

This section ends the treatment of missile guid
ance systems. A new aspect of missile guidance 
and control components has been introduced by 
the study of lasers with their seemingly unlimited 
potential of use and accuracy. The principles of 
laser operation are presented in chapter 11.
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Guided Missifes Operations

With the advent of the guided missile, two 
popular concepts came into existence relative to 
the nature of future wars. Probably the more 
common was the push-button concept. This con
cept envisioned future wars being won or lost by 
use of intercontinental, supersonic, long range 
missiles carrying A-bomb or H-bomb warheads. 
There would be very little or no ground fighting 
involving the use of foot troops, small arms, tanks, 
and the other common types of armament. It was 
even envisioned that missiles could completely 
replace manned aircraft.

The other popular concept was that nuclear 
and thermonuclear bombs were an improvement 
over conventional bombs of the past and that 
guided missiles were merely more effective car
riers. Advocates of this concept maintained that 
the general mode of warfare would not change. 
This concept reasoned that even if decisive mili
tary action shifted to missile weapons, ground 
troops wou^d be required to repel enemy invasion 
attempts, seize bases needed for launching mis
siles, and physically occupy critical territories to 
prevent resumption of hostilities.

Both of these concepts were subject to con
siderable discussion. The latter concept, the more 
popular, eventually evolved into what is now the 
"mixed force’’ concept. Many missiles have been 
developed to augment the manned aircraft and 
the ground forces, while large intercontinental 
ballistic missiles have been strategically located 
as deterrent weapons. Missiles have come to play 
an important role in the isolation of the battle
field and neutralization of important targets.

S U R F A C E  T A R G E T  S E L E C T IO N

Longe-range missile attacks are designed to 
bring about, through systematic application of 
force to selected vital targets, the progressive 
destruction and disintegration of the enemy’s war
making capabilities to a point at which he no 
longer has the ability or will to wage war. The 
part played by missiles in attaining this goal con
sists of surface-to-surface and air-to-surface mis
siles employed against selected surface targets.

Considerations given to selection of surface 
targets for missiles differ little from considera
tions given proposed targets of conventional air
craft. Guided missiles are needed not only for 
attacking new ultra-modern ground targets, but 
also those existing strategic targets which are 
highly vulnerable from the air.

S u r f a c e - T a r g e t  C l a s s i f i c a t i o n

Generally, surface targets are classified as either 
tactical or strategic. Tactical targets are those 
which have a direct influence on the course of a 
battle. For instance, military personnel, tanks, 
and weapon emplacements in the actual battle 
zone are tactical targets. These targets normally 
are located near the point of enemy contact. They 
are generally temporary and transient, requiring 
attack by weapons which can reach them in a 
minimum of time. Some tactical targets are scat
tered over a front and extend deep into enemy 
territory. An enemy missile launching site, for 
example, may require immediate attack even 
though it is hundreds of miles from the battlelincs.

Strategic targets are normally located many 
miles from the battle area, and their destruction
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does not directly or immediately influence the 
course of a particular battle. These targets are 
usually located deep in an enemy country. They 
arc .generally large installations of importance to 
the productive power of the nation. Industrial 
factories, mines, and oil fields are examples of 
strategic targets.

With the development of guided missiles, the 
tactical area has moved farther from the battle 
lines. If troops in a battle zone are classified as 
a tactical target, then surely troops loading aircraft 
and manning missile launch sites with missiles that 
may be immediately thrown into the battle must 
also be tactical targets even thougli they may be 
located hundreds of miles behind the actual battle 
front. It becomes ever more difficult to differen
tiate between tactical and strategic targets on the 
basis of distance from the battle line. This chapter 
presents the basic considerations given tn selection 
of missile surface targets with no attempt to dif
ferentiate between tactical and strategic targets.

Specific T a r g e t  S y s t e m s

The ultimate goal of attacks on surface targets 
is to weaken and immobilize enemy troops so that 
they are more vulnerable to defeat. Major targets 
for consideration are industrial centers located in 
the heart of the enemy country. Successful at
tacks on such targets not only drastically curtail 
the now of supplies and war implements to the 
enemy troops but also affect the morale of the 
enemy. Striking major industry centers destroys 
factories, communication systems, food stock
piles, and fuel and arms supplies.

Generally, the productive capacity of a nation 
depends on its strength in four broad categories:

• Raw materials.
• Processing and end-products manufacture.
« Supporting services and production of basic 

equipments.
• Imports.
Each of these categories is a source of targets. 

The relative importance of these targets depends 
on the specific objectives to be attained and the 
war situation at the specific time.

The first group is comprised of mines, forests, 
oil Helds and farms from which arc extracted a 
nation’s raw materials.

The processing and end-products group per
tains to the factories which convert the raw ma

terials into finished products for civilian and 
military use. Aircraft plants, ship building yards, 
armament plants, and refineries arc a few of the 
military targets in this group.

The supporting services and basic equipment 
group consists of such facilities as powcrplants, 
internal transportation systems, and research and 
development activities.. This group is not directly 
engaged in the production of weapons, but the 
activities support the producing units.

The nation's imports arc also of major im
portance during time of war. Targets in this 
category consist mainly of ships, rail cars, and 
pipelines carrying critical materials into the enemy 
nation. These targets are most vulnerable during 
transit.

Target Considerations
Some of the criteria considered in the selection 

of surface targets are presented below. Generally 
a surface target selected for a missile mission is 
beyond the capability of a more conventional and 
less expensive weapon.

Importance of T arget to the Enemy. A 
target should be of such importance that its dc 
struction will deprive the enemy of the means 
of sustaining a war or a particular campaign. The 
importance of a target may vary with the progress 
of the war or the theatre of operation. At one 
stage of the war, cutting off the nation’s imports 
may be of major importance. At some later date, 
destruction of oil refineries may be the prime 
mission. In any case, the importance of the target 
should justify the use of missiles. Also, the nature 
of the target should not be such that the enemy 
can easily substitute another item or another 
source of supply, or can merely eliminate the use 
of the facility with no strategic effect on the war 
effort.

R eserve C ushion MAiNTAtNED by the 
Enemy. The target selected should be one for 
which the enemy has no ready large reserve 
production capacity nor large reserve supply. 
Among other things reserve production capacity 
may exist in idle or near idle facilities that may 
be put into full operation on short notice. A cer
tain amount of reserves exist where facilities used 
for low-priority materials may be easily converted 
to high-priority production. Large stockpiling of 
materials can make it possible for the enemy to
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repair damaged facilities or convert other facilities 
with little effect on the flow of materials and 
equipment .to the battle lines. The amount of 
alternate facilities available must lie considered 
to determine how much of the overall industry 
must be destroyed to effectively retard the flow 
of materials from that particular industry into the 
enemy’s war machine.

Impact of Target Destruction. Impact 
here refers to how soon and to what extent an at
tack on a particular target will impede the enemy’s 
war effort. An attack on a target engaged in the 
manufacture of the components of a weapon 
should result in the critical reduction of the out
put of that weapon. The components should not 
be available from a stockpile large enough to 
permit uninterrupted production of the finished 
weapon even though the output of components 
from the target is delayed.

Vulnerability of the Target. A target 
under consideration should have physical char
acteristics which will allow damage to be achieved 
by the missile. A highly vulnerable target can be 
damaged effectively with a minimum expenditure 
of missiles. Consider, for instance, an electric 
powerplant. This target is highly vulnerable since 
a single missile hit might easily render it unusable. 
On the other hand, a target located well under
ground and housed in reinforced concrete would 
be much less vulnerable and would require the 
use of a larger number of missiles of greater 
destructive power. Even then damage may not be 
sufficient to completely halt operations.

R ecuperative Powers. Recuperative powers 
pertain to how quickly and easily the damage to 
a target may be repaired and the facility returned 
to normal or near normal operation. In the case 
of an air strip, for example, filling of craters and 
repairing the strip would take a relatively short 
time and the facility could be back in operation. 
The electric powerplant cited previously would 
have a low recuperative capability. It could be 
put out of commission for a long period of time 
with a single hit. Also, factories and other agen
cies relying on the powerplant would be inopera
tive during the recuperation period.

There are cases in which planned attacks on an 
enemy target having a high recuperative potential 
would be desirable. This situation would exist if

friendly forces expect to occupy and use the fa
cilities as soon as possible after the attack. •

Dispersal of T arget System Components. 
A largct system's components should be concen
trated in few enough places that a reasonable 
number of attacks can destroy it. The percentage 
distribution of production among plants produc
ing a major weapon when the plants are distantly 
separated is an important factor. The plants pro
ducing the greater percentage of the nation’s total 
output would be a top priority target. On the other 
hand, if component parts of some weapon are 
produced separately by a number of widely dis
persed plants, then the plants producing the most 
important parts would probably be the first pri
ority.

Identification of the Target. The ability io 
identify the target is of utmost importance. In the 
past, physical characteristics of the target have 
been used as identifying characteristics. For ex
ample, targets emitting heat, light, or some other 
form of energy were ideal targets for missiles 
using homing guidance systems sensitive to these 
forms of energy. Nearly all surface-to-surface and 
air-to-surface missiles now use inertial guidance 
and the target is “identified" by reference coor
dinates or carefully plotted geographic location.

Enemy Protection of T argets. The enemy’s 
defense of a target is an important consideration 
in determining its suitability for attack. The con
centration of defenses often indicates the impor
tance of a target to the enemy. Ground and air 
defenses of a target must be evaluated In planning 
an attack. Enemy countermeasures may consist of 
interceptor aircraft, antiaircraft batteries, inter
ceptor missiles, decoying systems, and electronic 
jamming systems. The type and number of defense 
installations protecting a potential target must be 
analyzed when planning an attack to determine 
the most effective method of penetrating or neu
tralizing the defenses. The use of decoy weapons 
may be effective in drawing defensive aircraft or 
missiles from the primary attack missile. The use 
of air-to-surface missiles may be used to destroy 
the defense installations prior to the employment 
of a missile or missiles to strike the primary target. 
The elements of surprise, speed, and jam-proof 
guidance systems greatly decrease the possibility 
of effective enemy opposition.
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Size and Location of the Target. A target 
must be of a size commensurate with the accuracy 
of the missile used, and the principal dements of 
the target must be within the range of the missile. 
Suppose a surfacc-to-surface missile with a 150- 
mile range has a deviation of 0.1 percent of the 
distance from launch site to target. At a target 
range of 100 miles, the missile will hit within 528 
feel of the calculated center of the target area. If 
the target is large enough, the center of dispersion 
of the missile’s warhead will still be on target. If 
the target is small relative to the accuracy of the 
missile, a complete miss may result.

If the accuracy by which a target can be located 
is not comparable with a missile’s guidance sys
tem, the missile is of no value to plan an attack 
on that particular target* The Germans encoun
tered this problem during World War II when 
attempting to locate London with respect to their 
missile launch sites. Target location may be a 
greater limiting factor than accuracy of a missile.

Within a war zonet targets are usually detected 
and located by direct observation or map data. In 
the case of long-range targets within an enemy 
nation, such means are more difficult and unre
liable. Chances of survival of observers is ques
tionable, and existing map data may be inade
quate.. The only accurate representation of the 
earth’s surface is a globe which is impractical for 
aeronautical planning. The spherical surface must 
be represented on a flat surface and projections of 
this type introduce distortion in geographical co
ordinates. Various methods of projection are used 
to keep distortion to a minimum.

With the development of reconnaissance type 
aircraft capable of extremely high altitude flight 
and extended flight time capability, the direct ob
servation method has been made more usable. 
Also, the era of space flight has resulted in the 
capability of a country to orbit observation satel
lites that transmit direct television pictures of 
selected ar^as. These pictures provide information 
regarding installation of new missile launching 
■Niics, concentration of munitions and supplies, as 
well as up-to-date weather conditions. Photo
graphs taken by flying observers and up-to-the- 
minute data supplied by orbiting satellites, have 
improved the planning of strategic and tactical 
missions.

The role of military intelligence is to detect and 
accurately locale targets. The success of a mission 
depends upon the accuracy of the intelligence data 
furnished to the mission planners. All the sources 
available must be used to determine where, how, 
anti how hard a target must be hit. Successful in
terpretation of intelligence data such as photo
graphs, reports, and charts depends on the skill 
and experience of the individual interpreter. The 
interpreter must extract pertinent information re
quired for mission planning from many photo
graphs and other data furnished to him. These 
interpreters can obtain amazing amounts of ac
curate information both from what they see on the 
photographs and what they piece together from 
indications and discernible features associated 
with certain activities which may actually be 
hidden. Photo-interpretation provides a very ac
curate and extensive source of information relative 
to the strength, disposition, and activities of the 
enemy in areas not readily accessible to ground 
observers.

A detailed knowledge of the enemy’s customs 
and military techniques also aids the interpreter 
in obtaining information from photographic stud
ies. He must know what to look for and be able 
to identify what he finds.

P r i o r i t y  A l i g n m e n t  t o  S u r f a c e  T a r g e t s

To obtain a desired effect during hostilities, 
some targets are attacked while others are ignored. 
Then because of a changing situation, a previously 
ignored target may become a target of great im
portance. Usually there are many more potential 
targets available than there are missiles to. fire at 
them. In any given situation, targets must be con
sidered in view of the factors previously presented 
and assigned a priority rating. Each important 
industry of the enemy is a potential target system 
based on the considerations mentioned earlier. 
Each subsystem of. the target systems receiving 
the highest priorities is, in turn, rated by the same 
screening process. Top priority for missile attack 
is then assigned to one or more of the systems in 
attempting to cripple or destroy the output of the 
finished product of that industry. Figure 10-1 de
picts representative, target systems,. Notice that 
higher priorities have been assigned to rubber, 
guided missiles, and oil industries. Next, note the 
breakdown of the guided missile Industry into
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TARGET CODE PRIORITY

'  AIRFRAME AS5EM8LY p  1ST PRIORITY

L  011
^ 7 )  2NO PRIORITY

RUBBER £ j )  3RD PRIORITY

GUIDED MISSILE 
[ LAUNCH SITES

£ £ )  4TH PRIORITY

SHIPBUILDING £ * )  5TH PRIORITY

ELECTRONIC
EQUIPMENT OTHERS

figure 10-1. Target Systems Analysit and  
Target Selection

various subsystems. For simplicity, only one com
ponent breakdown is illustrated. The various sub
systems of the missile industry are analyzed and 
assigned priority. In this case the highest priority 
has been assigned to airframe factories.

Postattack Target Analysis
Reconnaissance of the target must be accom

plished after an attack to determine the success 
of the mission and to obtain information of value 
to subsequent preattack target analysis. The best 
means of obtaining the desired data are from 
reconnaissance photos at various intervals follow
ing attacks, captured documents and signal com
munications.

Knowledge of physical damage to the various 
structures in a target area gives information rela
tive to particular warhead and fuze characteristics, 
method of attack on targets, and methods of target 
location. This information is not all that is de
sired. It is also desirable to know the production 
loss and the effect on military personnel. The 
progress of repair and reconstructions must be 
followed to determine the enemy's repair priorities 
and to establish the time for additional attacks.

This postattack analysis also provides the basis 
for future priority assignment to targets. For ex
ample, should the attack continue against aircraft 
factories, or should the attack be shifted to oil 
refineries or some other industry.

AERIAL TAAOET CONSIDERATIONS

It has often been said “that the best defense is 
a good offense.” The only completely successful

defense against enemy missiles would be vigorous 
offensive action to prevent all enemy .missile 
launchings. This can only be accomplished by the 
destruction of all launching sites, unfired missiles, 
supply lines supporting missile units, and missile 
production facilities. The success of such an offen
sive action during a war is improbable. Considera
tion must be given to the use of surface-to-air and 
air-to-air missiles as defensive weapons against 
attacks by enemy missiles.

The high speeds, high altitudes, and evasive 
maneuverability of missiles have surpassed the 
capabilities of ordinary antiaircraft artillery as 
effective defensive weapons. Many surface-to-air 
and air-to-air missiles have been developed to 
counteract the surface-to-surface and air-to-sur- 
face missiles in other nations' weapons inventories.

Areas or installations to be defended must be 
assigned defense priorities. Such a priority for a 
particular installation is based on estimates of 
enemy tactics to be used against the installation, 
the importance attached to it by the enemy, its 
vulnerability to enemy weapons, and recupera- 
bility factors. Plans are then established as to 
maximum allowable enemy effort and defensive 
measures necessary for effective protection.

The initial requirement fo restablishing an air- 
defense unit is the determination of the volume 
of firepower the unit must be capable of delivering 
on the expected enemy effort. The volume of fire
power Is determined by the characteristics of the 
proposed defensive missile and its kill probability 
relative to certain targets. Consideration of esti
mated enemy tactics, area to be defended, and 
missile characteristics are aids in estimating the 
damage that can be expected on an aggressor tar
get. These factors make possible a mathematical 
calculation of the number of defensive missiles 
necessary to provide the desired target-destruction 
probability.

Various estimates and mathematical probabili
ties relative to anticipated enemy attacks on in
stallations serve as a basis or guide in establishing 
guided missile defenses against attacking aircraft 
and missiles.

A e r i a l  T a r g e t  D e f e c t i o n  a n d  E v a l u a t i o n

The problems of utmost importance in an op
erational situation are detection and evaluation of 
attacking missiles. Detection must be achieved at
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ranges great enough to permit necessary defensive 
action. Before such action can he taken, the at
tacking missile must be identified, and it must be 
ovaUiated as to speed, altitude, and course. This 
can be done by radar, A vast network of early 
warning radar systems is operated by North 
American Air Defense Command to provide de
tection, identification, and interception of any un
known aircraft or missile approaching our nation. 
In the event of a missile flying on a course toward 
our country the data collected by this warning 
network must be coordinated with launching and 
guidance equipment of defensive missiles so that 
their launching time, launching attitude, flight 
path, and other factors are properly related for a 
successful interception resulting in the timely de
struction of the attacking missile.

In connection with aerial targets, the phrase 
'“range of accomplishment” is often used. Range 
of accomplishment of a mission refers to how near 
an attacking target must approach a defense in
stallation in order to succeed in its attack. Of two 
targets otherwise equally difficult to destroy, it 
may be highly advantageous to destroy one target 
at a greater range than the other. For example, 
an aircraft carrying guided missiles to be launched 
at a relatively long range has a longer range of 
accomplishment than a bomber carrying conven
tional bombs. The craft carrying the guided mis
siles should therefore be destroyed at longer range 
before it releases the missiles. After the missiles 
arc released, each one becomes a new target itself 
—faster, smaller, and more difficult to destroy.

Poatattock T arget A nalysis

Postattack analysis is also an important consid
eration relevant to aerial targets, if three launch 
crews defending an installation are launching sur
face-to-air missiles at a maximum rate of Are, 
those missiles launched after the target is de
stroyed are useless, expensive expenditures. Fast 
evaluation of the mission results and communica
tion between air defense units are essential to pre
vent excessive expenditure of missiles. In the case 
of air-to-air missiles the range Is usually shorter, 
permitting visual observation of the result of the 
attack.

MISSILE SELECTION FOR A SPECIFIC TARGET

The selection of a particular missile for attack

on some surface or aerial target actually originates 
with the consideration of the anticipated targets. 
Target characteristics must play an important part 
in the design and construction of various missiles 
if dfcctive performance is to be expected. This is 
especially true in the type of guidance system 
selected. Some of the criteria evaluated as aids to 
missile selection arc presented here in a general 
sense rather than discussing specific missiles and 
the targets for which they are designed.

Target Consideration for Missile Selection
Some of the target characteristics oti which 

missile selection depends are speed, maneuvera
bility, range, and vulnerability.

S p e e d  a n d  M a n e u v e r a b i l i t y . Speed and ma
neuverability of any target are two factors which 
very likely will be known. Targets can be grouped 
in accordance with speed and maneuverability as 
follows:

Group f targets. This group consists of fixed 
area-land targets, such as large cities which are 
densely populated and highly industrial. Because 
of its large size and the fact that the target is fixed, 
guidance information can be preset into 3 missile 
before launching with a reasonable certainty of 
hitting within a certain area. Such targets make 
the least demands on a guidance system for ac
curacy. The higher the speed of a missile selected 
for use against area targets, the less vulnerable is 
the missile to enemy countermeasures.

Group II targets. Point-land targets, ships, sub
marines, trains, and other moving targets are 
placed in this category of targets. The speed range 
of targets in this group vary from zero in the case 
of point-land targets to upwards of 100 miles per 
hour in the case of moving targets. Even though 
some of these targets may be highly maneuver- 
able, their comparative low speed will still allow 
a good possibility of a direct hit with the right 
type of missile. Guidance systems for missiles 
used against these targets must be much more 
accurate than missiles used against group I targets. 
Missiles used against group II targets may be air 
launched or ground launched with a predetermined 
trajectory. They must be capable of guidance in 
flight by radio, radar, or homing devices to com
pensate for errors or for movement of the target.

Group III targets. Aircraft and certain missiles 
which are limited to subsonic speeds make up
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group III targets. A missile selected for destruc
tion of such targets must have greater speed and 
must possess more sensitive and accurate guid
ance. The guidance system may l>e basically one 
of the types listed under group II but must com
pensate for added speed and maneuverability of 
the target.

Croup fV  targets. Generally, jet aircraft and 
supersonic missiles arc placed in group IV. Mis
siles selected to attack group IV targets must be 
capable of supersonic speeds and high altitudes. 
Guidance systems must be highly sensitive and 
accurate.

R a n g e . Range is another consideration in selec
tion of a missile. Range is basically the distance 
from the launch site to the target. In the case of 
surface targets and large missiles this range is 
fixed. Smaller tactical missiles may be carried on 
mobile launchers in which case, if the missile 
meets all the other requirements for attacking a 
surface target except range, the launcher may be 
relocated at a point closer to the target. Air- 
launch techniques provide a means of extending 
the range of certain missiles as well as providing 
selectivity of targets during an actual mission. In 
any case, adequate range of. the selected missile 
is a necessity.

Vulnerability. Considerations as to the vul
nerability of targets arc eovered curlier in this 
chapter. In selecting a missile for attacking vari
ous targets, these considerations must be weighed 
against the effectiveness of the warhead and the 
arming and fuzing system of the missile. The num
ber of missiles of a certain type necessary to insure 
destruction of the target must also be considered. 
A particular target might be highly vulnerable to 
a blast-type warhead, while another target may 
be more vulnerable to a fragmentation warhead. 
Still another target may require the warhead to 
penetrate through a structure prior to detonation 
for effective destructive force to be applied. Vul
nerability can now be defined as the probability 
of effective damage being caused to a target by 
a given missile at a given burst location with 
respect to the target.

Identifying Characteristics of T arget 
Components. Certain characteristics of the com
ponents that make up a target are valuable aids 
in the selection of a missile from the standpoint 
of guidance. For example, if a target component

emits one form of radiant energy, a missile using 
a homing guidance system sensitive to the particu
lar form of energy may be most effective to strike 
that target.

O th er fa c to rs  W hich Influence M issile Selection

Other factors which must be considered in mis
sile selection are the rate of fire based on the 
availability of a particular missile, and handling 
and launching procedures. Still another factor is 
the required dependability of the missile under 
varying temperature, weather, and field condi
tions.

After consideration of all influencing factors, a 
missile is designed or selected to most nearly meet 
the qualifications necessary to achieve the desired 
result against a target.

MIS51LE WARHEADS

The objective of any missile is to deliver a war
head to a designated target. The missile is actually 
just a transporting vehicle. The most sophisticated 
guidance and propulsion systems are of limited 
value if the warhead cannot produce sufficient 
lethal effect at the right time to destroy or inca
pacitate the target.

During the early development of guided missiles 
in World War 11, standard bombs of the era were 
adapted as warheads. These bombs, installed in 
suitable airframes, often equipped with some type 
of guidance system, constituted the first missiles. 
Figure 10-2 is an illustration of such an adapta
tion. It shows a conventional bomb used as the 
warhead, an airframe for transportation, and a 
radio or radar for guidance.

figure 10-2. Employment of Conventional Bomb 
as W eapon  in Early Missile
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Constant research and experimentation in war- 
head design make it possible to ascertain optimum 
effect of warhead- on targets of various nature. 
The warhead selected for a given target depends 
on the characteristics of the target. Types of 
armor found on the target, penetration desired, 
speed of the target, type of destruction desired, 
and other factors must be considered in warhead 
design. Special design considerations apply to 
each type of target. Surface targets present the 
need for fewest differences from conventional 
weapons. Aerial targets impose more difficulties 
upon warhead design and missile components.

D eiirob l*  C harac la riitlc s  fo r W arh ead *

Certain characteristics are desired in a warhead 
depending upon its mission requirements. All war
heads do not necessarily possess ail the desired 
properties listed below;

• Ideal design would permit interchangeability 
of warhead and rapid installation onto the missile 
in the field.

• The warhead must be able to withstand ac
celerations of the missile, and the filling agent 
should not deteriorate during storage and flight.

• The warhead should be designed to produce 
maximum distribution of destructive elements on 
the target area.

Typ«4 of W arhead*

The word warhead generally implies a quantity 
of high explosives encased in a metallic casing. 
This is not always true. A warhead may contain 
high explosives, incendiary, or chemical agents. In 
the high explosive warhead category, the warhead 
can be designed to produce varied results. It'may 
be designed to produce destruction caused by 
blast or concussion, or it may be designed to

spread fragments of the warhead. The following 
presentation covers the various types of warheads 
from the standpoint of basic physical construction 
and the effects produced on various targets.

B l a s t - E f f e c t  W a r h e a d s . A blast-effect war
head consists of a quantity of high-explosive ma
terial encased in a metallic case. The force of the 
explosion of this type of warhead produces a pres
sure wave in the air or other surrounding medium, 
which causes damage to the target by concussion. 
This action is somewhat analogous to the waves 
that result from dropping a large stone in a pool 
of water. Blast-effect warheads are especially ef
fective against underwater targets because of the 
greater density of water as compared to the den
sity of air. It is also effective against many ground 
targets where the structures may be susceptible to 
high-pressure or overpressure as this condition is 
called. Figure 10-3 is an illustration of a represen
tative blast-effect warhead. The metallic case con
tains a high-explosive substance and a suitable 
fuze unit. (Various types of fuzes are presented 
later in this chapter,). On Impact with the target 
the plunger strikes and detonates the percussion 
composition which in turn fires the igniting charge. 
The igniting charge detonates the main explosive 
to produce the destructive pressure waves through 
the surrounding medium.

Fragmentation Warhead. A fragmentation 
warhead depends on the force of an explosive 
charge to disperse metallic fragments at high ve
locity. The fragments may be contained within the 
warhead casing, consist of the casing itself, or be 
a combination of both. The size of the fragments, 
velocity of the fragments, and the dispersal pat
tern can be controlled by variations in design and 
construction of the warhead. If the casing is used 
for fragmentation, the size of the fragments can
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fiflura 10-3. Banc Construction of Bbsl-Efhct W arhead
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METALLIC FRAGMENTS

be controlled by weakening the case at selected 
points to cause fractures to occur at these points 
when the warhead explodes. The velocity of the 
fragments is controlled by the type of explosive 
and the explosive-to-metal ratio. The dispersal 
pattern is determined by the point of detonation 
and the shape of the warhead.

Figure 10-4 is a sketch of a basic fragmentation 
warhead showing the metallic shell designed to 
break into fragments of a desired size. It is loaded 
with an explosive material and contains a fuze 
unit that can be set to activate at a predetermined 
time.

Performance of the fragmentation warhead is 
very effective against personnel and light vehicles 
and weapons. It is most effective when detonated 
above the surface of the earth. Under this condi
tion, the fragments are dispersed over an area in 
a downward and outward pattern.

Some types of fragmentation warheads consist 
of a casing containing many small bomblets. Each 
of these bomblets is a small fragmentation type 
unit in itself. The warhead is normally activated 
by explosive or other means above the ground and 
the bomblets are dispersed in a wide pattern. 
These bomblets then are triggered and spread 
their fragments over a large area.

Shaped-Charge Warheap. A shaped-charge 
consists of a casing containing highly explosive 
material and is so designed that the force of the 
explosion is concentrated in one direction. Damage 
is produced by the compression force of the blast 
and/or fragments ejected in the direction of the 
blast. The shaped charge is widely used against

armored surface targets and heavily reinforced 
structures. Figure 10-5 illustrates the effect that 
the shape of the charge has on the distribution of 
the explosive force. Only the configuration of the 
explosive material is shown, not the entire war
head. Assuming that the amount of explosive ma
terial is the same, the arrows indicate the direction 
and magnitude of the force.

Note that in the case of the flat charge, the 
forces are distributed evenly over the area of the 
target resulting in very little penetration. The 
shallow cone in the middle illustration concen
trates the force in one direction and produces 
deeper penetration of the target. The deep cone 
to the right of the picture illustrates adequate con
centration of the explosive force to completely 
penetrate the armor of the target. Metallic frag
ments of the warhead as well as fragments of the 
armor can now reach the inside of the target to do 
additional damage.

Chemical Warheads. A chemical warhead is 
designed to produce personnel casualties by in
halation of or physical contact with toxic mate
rials. This warhead may also be designed to destroy 
combustible targets by use of incendiary materials. 
More specifically, chemical agents are referred to 
as casualty agents, smokes, and incendiaries. The 
type and amount of agent placed in a warhead 
depends on the nature of the target and the results 
desired.

Incendiary warheads contain chemicals that 
combust violently, produce extremely high tem
peratures, cover a large area when released, and 
are difficult to extinguish. Incendiary warheads
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SHALLOW

Figure 10-5, Effects of Various Shaped Charges

are used mainly against surface targets. Magne
sium. which burns at a temperature of approxi
mately 2000°C, is a common incendiary material. 
Other substances that are used in incendiary war
heads are napalm (jellied gasoline) and phos
phorus. The type of incendiary material used and 
the point of detonation of the warhead are deter
mined by the characteristics of the intended target.

The basic construction of a magnesium incen
diary warhead is illustrated in figure 10-6. It con
sists of a magnesium casing packed with thermite 
(aluminum and iron oxide) and a fuze with a suit
able igniting mixture (powdered magnesium or 
black powder). The fuze ignites the thermite which 
burns violently. The burning thermite ignites the 
magnesium casing. An explosive charge may be 
used in the warhead to produce greater dispersion 
of the incendiary materials over the target area.

Nuclear Warheads. Because of national se
curity, the amount of material available for publi
cation relative to nuclear warheads is limited. No 
attempt is made here to present information per
taining to design characteristics or assembly of 
the components of a nuclear warhead. Instead, the 
general characteristics and effect? of a nuclear 
explosion are explained.

When a nuclear detonation occurs, a great 
amount of radiation energy is released. Exposure 
to nuclear radiation can cause severe radiation 
sickness and death. The effect of radiation varies 
with the dosage, A low concentration for a long 
period of time can be as fatal as a high concentra
tion for a short time,

A great quantity of heat is developed at the 
instant of a nuclear explosion. When the explosion 
occurs a large ' ‘ball of fire" develops. The tem-
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perature in the center of these hot gases reaches 
Millions of degrees. The fireball rises vertically 

and radiates its energy in the form of visible, 
ultraviolet, and infrared waves. These intense 
heal waves cause blindness and skin burns. At the 
same time, the heat causes combustion of flam
mable materials , up to several miles from the 
blast.

The temperature and pressure of the gases gen
erated by a nuclear explosion develop a destruc
tive blast wave. This wave consists of two pressure 
regions, one higher than normal atmospheric pres
sure and one lower. The blast wave moves out
ward from the center of the explosion with veloc
ity and pressure dilfcrentials that vary directly 
with the intensity of the explosion. Figure 10-7 
illustrates the propagation of the blast waves just 
described.

The explosion illustrated in figure 10-8 is ini
tiated when a neutron (electrically neutral particle 
of matter) is caused to enter the nucleus of an 
atom of a suitable material such as uranium or 
hydrogen. The atom “blows up," ejecting two 
lighter atoms and a number of particles of matter 
including additional neutrons. This atom-splitting 
process is known as nuclear fission. Millions of 
electron volts of energy are given up for each 
atom which undergoes fission. As the fission reac
tion is produced by a neutron and since the reac
tion throws out more neutrons, other atoms of 
the original mass are split, producing two or three 
more neutrons each. This reaction grows to cx-

Figure 10-7. Blast W ave s Formed by Nuclear 

Explosion

plosive proportions within a very small fraction 
of a second.

The effects of a nuclear detonation are divided 
into two phases, as shown in figure 10-8.

Phase I consists of those phenomena which ac
company the actual explosion. Pressure effects 
have already been explained. Alpha and beta par
ticles are emitted at the instant of the explosion. 
The range of these rays are relatively short and, 
while harmful, do not present a serious threat 
Some of the electromagnetic radiations such as 
infrared, visible light, and ultraviolet radiations 
have been explained previously. The danger of 
X-rays is well known by all of us. Gamma radia
tion has the same general characteristics as X-ray, 
but has more energy and will penetrate greater 
thicknesses of materials.

Phase 2 consists of radiation that persists after 
the explosion. Unfissioncd radioactive material is 
reduced to a powder and scattered by the explo
sion. Alpha particles emitted by this material 
prove to be a great hazard if taken into the body 
through the mouth or through open cuts.

The portion of the original matter that under
goes fission produces radioactive particles that are 
scattered by the explosion. These particles emit 
beta and gamma radiation. As stated previously, 
the beta rays are not particularly dangerous, but 
the gamma radiation may be hazardous over a 
large area after the explosion.

A hazard resulting from radioactivity induced 
in the components of the target area also develops 
from a nuclear explosion. This radioactivity is 
induced by the neutrons which arc released at the 
instant of the detonation. These neutrons enter 
the nuclei of some atoms found in some target 
components, causing a physical reaction which 
leaves a radioactive atom as a product. High levels 
of gamma radiation may result from this action.

Energy is also available from combining fn  
particles (protons and neutrons) to form a nu 
cleus. Vast amounts of energy are released by 
combining isotopes of the lighter element (hydro
gen). This process is called nuclear fusion.

These reactions do not take place as easily as 
the fission process because of the repulsive forces 
of the nuclei. The neutron, being uncharged, easily 
enters a uranium nucleus, but positively charged 
nuclei repel each other. To overcome this repel
ling force, temperature must be increased to excite
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Figure TO-8. Activity Stemming from Fission Reaction

the atom to sufficient energy to fuse. On a weight 
comparison basis, much more energy is released 
by fusion than by fission. Temperature induced 
(thermonuclear) reactions therefore are much 
more efficient.

Extremely high temperatures are required for 
fusion, and only a fission reaction can provide 
these temperatures. Therefore, a fission weapon is 
used in conjunction with a thermonucleai weapon 
to achieve large yields.

FUZES FOR MISSILE WARHEAOS

A fuze is a device designed to activate the 
bursting charge in a warhead at the proper time 
for maximum effect against a particular target. 
Special design characteristics apply to each type 
of target.

Description of Various Fuzes
Fuzing of a warhead depends on the overall 

characteristics of the target, attacking missile, and 
warhead. Target considerations arc location, vul
nerability, speed, and physical structure, along 
with the capabilities of the missile and warhead, 
in order to make the probability of damage to the 
target as high as possible. Various types of fuzes 
arc explained below.

I m p a c t  F u z f . An impact fuze is actuated by 
inertia when the warhead strikes the target. For 
example, consider a cylindrical tube located in 
the warhead with a shock-sensitive explosive-per
cussion charge fixed in the front end of the tube 
and a movable metallic plunger at the rear end of 
the tube. While the missile is in flight, the metallic 
plunger ts retained at the rear end of the tube.
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When the missile strikes (he target, inertia forces 
the plunger forward where it strikes and detonates 
the shock-sensitive fuze charge. The fuze charge, 
in turn, detonates the bursting charge of the war
head.

A time delay element may be used with an im
pact fuze to allow the warhead to penetrate the 
target before detonation.

T ime Delay Fuze. A time delay fuze is de
signed to detonate the warhead at some predeter
mined time after the missile flight has begun. 
There are various types of time delay elements in 
use with missile warheads. One type of time delay 
element consists of a burning powder train. Time 
delay is determined by the length and burning 
rate of the train. Another type of delay element 
resembles a clock movement. The time delay in
terval must be set before the missile is launched 
and cannot be changed after the missile is in 
tlight. The characteristics of the target are an im
portant consideration in determining the require
ments of a time delay fuze.

Proximity Fuzes. Proximity fuzes are actuated 
by some characteristic feature of the target or 
target area. Listed below are some basic proximity 
fuzes:

• Photoelectric proximity fuze.
• Accouslic proximity fuze.
• Pressure proximity fuze.
• Radio proximity fuze.
• Electrostatic proximity fuze.
Each of these fuze types is preset to function 

when the intensity of the target characteristic to 
which the fuze is sensitive reaches a certain mag
nitude. Proximity fuzes are designed so that the 
warhead burst pattern will occur at the most effec
tive time and location relative to the target.

Classification of Fuzes by Position in Warhead
When classified according to assembled posi

tion in the warhead, fuzes are generally classified 
as point fuzes (assembled in the nose of the war
head), or base fuzes (assembled in the rear of the 
warhead). The fuze or combination of fuzes used 
in a warhead and the fuze location depend on the 
mission of the missile and the effect desired.

W arhead Detonation Points Relative to Fuze Type
Now that the various types of fuzes have been 

described from the standpoint of structure, opera
tion and location, let’s look at the influence of 
various fuzes on the point of warhead detonation.

Figure 10-9 illustrates the influence of the fuze 
on the point of warhead detonation. In the case 
of an impact-fuzed warhead (middle drawing), 
the explosion occurs when the missile strikes the 
target.

v. T. OR 
PROXIMITY FUZE

IMPACT FUZE IMPACT FUZE WITH 
TIME OEIAY ElEMENT

Figure JO-9, influence o f Fuze on Point o f W arhead Detonation
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In (he right drawing, a time delay dement is 
used in conjunction with an impact fuze. The 
delay dement allows the warhead to penetrate the 
target before detonation. In this case the fuze 
would probably be the base type fuze located in 
the rear of the warhead. This location precludes 
damage to the fuze by impact with the target. In 
the left drawing, the proximity fuze is actuated 
by some characteristic of the target such as radio- 
frequency energy. The warhead in this instance is 
detonated at a predetermined distance from the 
target.

Many air-to-air missiles are designed so that 
the missile penetrates the target before the war
head detonates. These designs generally use a fuze 
actuator that is located somewhere on the aft- 
body of the missile. When the missile penetrates 
the fuselage of a target aircraft this actuator is 
contacted and in turn detonates the warhead. 
Proximity fuzes are also used on some air-to-air 
missiles. In the event that an air-to-air missile 
misses its target, it is possible that it could strike 
a friendly aircraft or friendly forces on the ground. 
To prevent this, these missiles are equipped with 
a self-destruct circuit in the fuzing system. When 
the missile is fired a timer actuates. If the missile 
fails to hit the target within a set number of sec
onds the warhead is detonated.

AEROSPACE GROUND EQUIPMENT

Present missile weapon systems are a complex 
organization of electrical, electronic, pneumatic, 
hydraulic, and propulsion systems. Equally com
plex are the ground support equipment (GSE) 
systems and facilities needed to prepare the mis
sile for launch. The following discussion presents 
the general requirements and layout of typical 
missile launch environments.

GSE for Air-launched Missiles
Air-launchcd missiles are launched from air

craft. The target may be another aircraft, a ground 
facility, or the missile may be a decoy used to con
fuse the enemy and allow a bomber to increase its 
capability to penetrate the enemy defenses. The 
missile must be matched to its mission and also 
to the particular carrier aircraft. In general, the 
following paragraphs cover the areas of checkout 
and maintenance, and launching the missile.

Checkout and Maintenance Facility. The 
missile is little different from any other weapon 
in its requirement for maintenance. A missile 
needs basically the same checks as an aircraft. 
These checks include complete operation of the 
guidance system, control system, propulsion sys
tem, and warhead system.

If the missile uses a solid fuel for propellant, 
it cannot be actually fired during checkout, bul 
the system can be checked to determine if it is 
ready for operation when needed.

Figure 10-10 shows a typical air-to-air missile 
checkout facility. Within this one building the 
missile can be completely checked out except for 
an engine run and the detonation. Most of these 
missiles use solid fuel engines, so there is no re
quirement for the engine check.

Notice in the figure that there is room provided 
for removal of the missile from shipping contain
ers upon initial receipt, as well as handling those 
missiles returned from the flight line.

From this point the missile follows a preset 
path for its functional checkout prior to return to 
an aircraft or to the storage area. The missile may 
be sidetracked as needed for repairs or overhaul.

Figure 10-11 shows the missile checkout con
sole. The console is designed to check out a Fal
con missile, Which uses an infrared guidance sys
tem. Within this one console, all systems of the 
missile can be checked out. Similar equipment is 
used to check out other air-launched missiles.

Notice that the missile can be placed on the 
roller conveyor and cabled to the console, and 
complete systems checks performed. Malfunctions 
or discrepancies can be corrected by repair or 
replacement, and a thoroughly checked and op
erational missile is removed from the console.

Since the Falcon comes in several circuit con
figurations, an identification circuit is built into 
the missile. This enables the console to identify 
the circuit configuration that must be used to 
check out the missile. The checkout then becomes 
a semiautomatic procedure with the technician 
checking the console display devices (meters, 
lights, or digital readout) for the proper indica
tion. Discrepancies are noted and corrected as 
they occur.

Launcher. One launcher used for air-launchcd 
missiles is similar to that shown in figure 10-12. 
It is an external pylon installed on the aircraft
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FROM FLIGHT 
LINE DEPOT OR 
CONIRACTOR

INITIAL CR 
DOWNLOADED 

CHECKOUT

II -J| 1M.I rHAAAlll 1
1 ROCKET AREA

- ■ LOADED CONTAINER R0U1E
----- . -  MISSILE ROUTE
---------CONTAINER ROUTE

I SHIPPING AND 
STORAGE CONTAINER

figure 10-10. AIM Checkout Facility

wing. The missile is mechanically and electrically 
connected through the pylon to the aircraft. Firing 
circuits actuated by the pilot release the missile 
and ignite the propellant.

As with the installation of any munitions on or 
in an aircraft, care must be exercised by the load
ing crew to make sure that the missile remains 
capable of being fired.

The appropriate technical orders give the 
proper steps and safety precautions to be followed 
to accomplish the loading. Since these arc con
stantly changing, they are not discussed here ex
cept to point out two items. These arc the mechan
ical and electrical connections.

The mechanical connection must be correctly 
made to allow the missile to make a clean release 
from the aircraft. Since the release may occur 
either as a drop with motor ignition occurring

after clearance from the aircraft or as a propelled 
release with motor ignition occurring prior to re
lease, you can sec that any hindrance could cause 
damage to the missile or the aircraft.

The electrical connection is as important as 
the mechanical connection. Electrical connectors 
should be clean, pins straight, and proper fit as
sured at the time the cables are connected. Im
proper electrical connection can lead to a misfire, 
expending the missile prior to release, or inopera
tive electronic circuit function resulting in missile 
failure.

GSE For Ground-Launehtd Missiles
The headline-gathering missiles are those 

launched from the ground. These missiles, de
veloped as weapon systems, have played an im
portant role in our space research program. As
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• figure  10-11. AIM Checkout Console

weapon systems, the type of launcher used for 
these missiles have been changed from above
ground structures to big holes in the ground. The 
days of having a missile weapon system installed 
above ground seem to have passed.

The facilities used to perform the missile check
out are similar to those discussed in the previous 
section. Because of the increased size of the mis
sile, the buildings must be larger to nltow the en
tire missile to be brought inside and disassembled 
as needed for the system checkout. System com
ponents may then be routed to their respective 
areas for checkout and maintenance.

The launch facility is where the greatest dif
ferences arc evident. There are also considerable 
differences among the various weapon systems. 
The facilities that follow are for the CIM-10A, 
LGM-25, and LGM-30,

CIM-IOA G r o u n d - t o - A i r  M i s s i l e . The CIM- 
10A is popularly called the Bomarc. The launch
ing facility is a coffin whose roof opens to allow 
missile erection and launch. Figure 10-13 shows a 
typical CIM-IOA maintenance and launch area. 
Remember that t! is is an intercept missile and the 
launch is remotely controlled from some central 
control point far removed from the missile site. 
Because of this there is no launch control section 
designated in the figure.

Within each missile shelter are the needed 
facilities for completely monitoring the missile 
status by the remote missile control facility. Any 
abnormal status checks arc reported back to the 
site so maintenance people can be immediately 
dispatched to correct the malfunction and return 
the missile to a ready status or replace the missile 
with a spare.

Without the launch crew facilities, the area is 
essentially only a combined ready-to-fire storage 
and maintenance facility. The maintenance people 
place the missile into the coffin and return to it 
only when necessary. The missile is fully fueled

1. LOAD ING  S IO T  (6)
2. LAUNCHER BOLT (4)
3. STRIKER POINTS (4)
4. DETENT (2)
5. SNUBBER (2)
6. LAUNCHER RECEPTACLE (2)
7. UMBMCAUBLOCK HOOK (2}
8. DETENT RaEASC (2)
9. ADAPTER

10. LAU NCHER (2)

f/gur« T0-J2. AIM Launchic
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F i g u r e  10-13, CIM-10A Launch and Support Facility

when put into place, and fuel storage and transfer 
facilities are not needed in the launch area.

Since the missile status is monitored by a 
remote organization, the monitoring equipment is 
not needed at the launch site. This again simplifies 
the launch facility equipment.

LGM-25 S u r f a c e - t o - S u r f a c e  M i s s i l e . The 
second generation of the Titan is the LGM-25, 
TITAN II. A hardened site, called a silo, is used 
to launch this missile. Figure 10-14 shows a 
typical launch facility. Detail A relates the launch 
control center to the silo. Each silo has its own 
control center where missile status is monitored 
and periodic operational checks may be per
formed, as well as final commitment for launch.

The control center is the heart of the complex. 
Here are the Launch crew facilities for eating and 
sleeping as well as the complex electronic equip
ment for monitoring the missile. Also provided is 
a closed circuit television system monitoring the 
immediate terrain around the site.

During the period of time that each launch 
crew is on duty, constant monitoring of the missile

status is maintained. Operational readiness checks 
that iqelude operation of all systems except engine 
start are also performed. Malfunctions that occur 
are isolated as much as possible, and maintenance 
personnel are called upon to repair or replace 
parts. These people are dispatched from the main
tenance activity area to return the missile to a 
roady-to-launch status.

Fuel and oxidizer storage and transfer facilities 
are provided at each launch site. The missile is 
fueled completely after installation in the silo and 
remains in that status until removed.

The internal configuration of the missile silo is 
shown in figure 10-15. The work platforms at the 
various levels enable the maintenance personnel 
to reach the system components of the missile in 
the event a malfunction occurs.

The missile is held suspended above the bottom 
with a shock system. This is to prevent missile 
damage in case of a natural catastrophe such as 
an earthquake, as well as in case of attack. During 
the time the missile is installed in the silo, the 
launch crew subjects the missile to continuous
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2. OXID IZER FLARE STACK
3. SURVEY TRANSFER STAT IO N

4. SIGHT TUBE

5. OXID IZER H ARD STAND

6. A IR  EXHAUST

7. FUEL FLARE STACK

8. SU O  CL05URE DO O R

9. M ISSILE SILO

10. C R A N E  HAROSTANO

11. VALVE PIT

12. FUEL H ARD STAND

13. FUEL DUMP TANK

14. C O O U N O  TOW ER PIT

15. TRANSFORMER FIT

16, SURFACE GATE

17. SECURITY FENCE 

IB . SERVICE R O A D
19. OIE5EL STO RA G E  TANK
20. A *  INTAKE

21. CABLEW AY

22. A C C ESS  PORTAL
23. CONTRO L CENTER

24. AIR INTAKE A N D  ESCAPE HATCH 

23. H A S T  LOCK
26. BUMPER PAD  (2 PLACES) ■

27. D O O R  A C C E SS  PIT (2 PLACES)

28. CATCH  BASIN

29. HARO STANO

Figure 10-74. LGjM-25 Launch Complex
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monitoring. They may also perform periodic exer
cises in which the missile is made ready to go 
except for the final order.

LGM-30 M inuteman Missile. This missile is 
a solid-fueled surface-to-surface missile encased 
in a concrete lined hole much the same as the

Titan II. Since it is a solid-fueled missile loaded 
and ready to go at all times, there is no need for 
the fuel and oxidizer storage tanks. The other sys
tems require as much monitoring and operating 
equipment as the preceding missiles.

A typical Minuteman silo is shown in figure
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3. G & C COUPLER
4. PROGRAMMER GROUP
5. DIGITAL DATA GROUP

6. STATUS-COMMAND MESSAGE PROCESSING GROUP

7. BATTERY CHARGER-ALARM SET GROUP
8. POWER SUPPLY GROUP
9. INTERCONNECTING BOX
10. PRIMARY DOOR 

IT. VAULT DOOR

12. LAUNCHER SIGHTING TUBE
13. COLLIMATOR BENCH
14. 1 ST LEVa FLOOR

15. 2ND.LEVEL FLOOR

UPPER LEVEL 
EQUIPMENT ROOM

16- SHOCX MOUNTED 1ST LEVEL FLOOR

17. LIQUID STORAGE METAL TANK SET

18. MOTOR GENERATOR

19. SECONDARY DOOR
20. AIR CONDITIONING UNIT

21. ELECTRICAL SURGE ARRESTER SET

22. SUMP PUMP
23. MISSILE SUSPENSION SYSTEM 

24- LAUNCH TU8E
25. CABLE PROTECTOR FRAME ENCLOSURE

26. CLOSURE ACTUATOR
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Figure 10-16. LGM-30 Launch Siio
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10-16, The monitoring and operating equipment 
is contained on two levels at the top of the silo. 
Unlike the Titan II sites, the launch crew is lo
cated at some site other than the immediate silo 
location. All monitoring and control is done from 
this remote location.

The launch crew is able to perform certain 
operational readiness checks on each missile under 
its control. Maintenance area personnel are dis
patched to the site as malfunctions are detected. 
Repair and/or replacement of the malfunctioning 
components is accomplished to return the missile 
to an operational status.

The launch control facility, shown in figure 
10-17, is also a be low-ground-level installation. 
From this point the launch crew monitors all mis
siles under its control.

With the launch facilities as described in the 
preceding paragraphs, extensive communication 
networks arc needed. These networks must be 
available for instantaneous use and usually con
sist of telephones as well as radios. In all cases, 
safeguards are built in so (hat a launch crew can
not fire the missiles under its. control without 
proper orders from higher authority.
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Principles of Lasers

INTRODUCTION

The summer of 1960 saw the world's first dem
onstration of an entirely new source of light, so 
concentrated and powerful that it could produce 
power densities millions of times as intense as 
those on the surface of the sun, and yet be con
trolled so precisely that surgeons could use it to 
perform delicate operations on the human eye. 
The beam from this device could bum holes in 
steel plates and set carbon on fire. It spreads out 
so little that if sent from the earth to the moon, 
it would illuminate an area of the moon’s surface 
only ten miles in diameter. This new device is the 
laser. Laser means light amplification by stimu
lated emission of radiation, the process that takes 
place inside the device.

Simply stated, the laser is a beam of light. The 
light from a house light spreads in all directions 
in a number of various frequencies and waves. 
The very fact that light does travel in waves led 
to the development of the laser, which concen
trates the waves of light into light beams of tre
mendous energy.

Originally developed by the use of ruby crystals, 
lasers are now produced by many solid materials, 
liquids, gases, and semiconductor devices.

The laser is one of the most important develop
ments of modern science and is used extensively 
in medicine, by the armed forces, and in every 
facet of industry where precise measurements are 
needed. Hundreds of new applications are being 
proposed and developed by engineers and scien
tists and new uses appear unlimited in scope.

The armed forces are the largest buyers of the 
laser at the present time. The more important 
military applications include proximity fuzes.

night-time vision and tracking, target illumina
tion, and range-finding units that provide accurate 
measurements.

BRIEF HISTORY OF LASERS

The basic theory of lasers can be traced as far 
back as 1917 to atomic theories by Einstein, who 
pointed out that controlled radiation could be 
obtained from an atom under certain conditions.

Until the 1950s, lasers were strictly theory, but 
many scientists were working for reality. In June 
1954, Dr. Charles H. Townes, then of Bell Lab
oratories, demonstrated an ammonia gas maser 
with adequate stimulation to sustain a maser beam 
of a signal equal to 24,000 megaHertz. The real 
significance of this demonstration was that Dr. 
Townes generated a signal without the use of a 
resonant cavity. This achievement opened the 
door to many experiments leading to the amplifi
cation and generation of electromagnetic radiation 
within the visible light spectrum wavelength.

Laser history actually begins with the maser 
(microwave amplification by stimulated emission 
of radiation). Early masers were gaseous ammonia 
or rubidium. A maser was built in 1955, and a 
solid-state version was proposed in 1956. One of 
the first solid-state masers employed sapphire 
crystals (synthetic) doped with chromium oxide. 
It was later discovered, in 1959, that masers could 
amplify light as well as microwaves, although the 
extension of maser principles to permit operation 
in the light spectrum was suggested as early as 
1953. This development was referred to as optical 
maser with the name changed to laser in 1965.

The light generating capability became more 
important than the amplifying ability. The pulsed
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ruby laser, built in I960, was the first to demon
strate the monochromatic and coherent light prin

ciple. This laser was of solid-state design and 
employed a synthetic sapphire crystal doped with 
chromium (ruby), Cr«0.i in AI>0.1. The crystal was 
machined to an optical tolerance with both ends 
of the resulting rod silvered to enhance reflection. 
Bathed in white light from an electronic flash 
lamp, the green content provided energy to the 
crvstal. This stimulated emission of coherent and 
monochromatic light was at 6943 Angstroms, "he 
monochromaticity was about five times narrr ver 
than that of the ruby’s natural fluorescence. Later 
developments brought this figure to 40 times, and 
then to 10,000 times the natural ruby fluores
cence. Still greater monochromaticity is realized 
with the helium-neon gas laser.

The continuously operating gas laser was de
veloped in 1961. It employed a mixture *if helium 
and neon gas excited by an RF field, and it ob
tained an output in the infrared range. Laser 
action, was produced with trivalent uranium in 
calcium fluoride in I960.’ This was followed by 
other solid-state experiments. During 1961, am
plification of light was performed using a ruby 
laser driven by a ruby laser oscillator. The genera
tion of optical harmonics was achieved in 1961 
using a laser source directed into crystalline 
quartz. Ruby laser light at 6943 Angstroms was 
raised to a shorter wavelength value of 3472 
Angstroms.

The function of junction electro-luminescence 
in science and technology was altered rapidly 
back in the early 1960s. in 1961 gas lasers and 
optically pumped solid lasers stimulated research 
into the possibility of a semiconductor junction 
laser. Then, the discovery in 1961 and 1962 that 
the efficiency of recombination radiation was very 
high in gallium arsenide focused attention on this 
compound as a potential laser material. The first 
injection lasers were operated in late 1962. In the 
following years, great advancements were made 
in the development of basic materials, and in the 
application of these materials in workable laser 
devices for a wide variety of uses. Today, the 
principal types of lasers include solid-state lasers 
(for both pulsed and CW operation), injection 
lasers (for both pulsed and CW operation), gas 
lasers (for both pulsed and CW operation), and 
liquid, plastic, and Raman lasers. Each type uses

AFM 52-31
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a large variety of different materials. Some ma
terials have been standardized in working laser 
devices, while other materials arc used only for 
research cllects.' Development is still progressing 
at a very fast rate with new materials appearing 
constantly.

Atomic Theory

A brief review of atomic theory is essential to 
understand the principles of operation of the laser. 
You probably have studied the structure of matter 
in high school or college courses in physics, elec
tronics, or other sciences. The treatment given 
here is only the essential knowledge.

The Atom. The atom is defined ai the smallest 
particle of an element that retains all of the 
properties of the element. The atom is the smallest 
part of an clement that enters into a chemical 
change, but it docs so in the form of a charged 
particle. These charged particles arc called ions. 
and they arc of two types— positive and negative. 
A positive ion may be defined as an atom that 
has become positively charged. A negative ion 
may be defined as an atom that has become nega
tively charged. Ions of like charges tend to repel 
each other while ions of unlike charges attract, 
a fact well recognized from the study of mag
netism and electricity.

Atoms have been found to be divisible into 
more fundamental panicles called electrons, pro
tons, and neutrons. The electron was first discov
ered as the basic unit of electricity. It is a small, 
negatively charged particle much lighter than an 
atom. The proton is a positively charged particle 
with the same magnitude of charge as the electron 
but is much larger than the electron. The neutron 
is formed when a proton and electron are com
bined, and is neutral in charge.

The nucleus of the atom consists of a group of 
positive and neutral particles (protons and neu
trons), surrounded by one or more negative 
orbital eleciT ’ns. Figure 11-1 shows the arrange
ment of thesj particles for an atom of the element 
boron. This concept of the atom can be likened 
to the solar system in which the sun is the central 
body around which the planets revolve n orbits 
at various distances from it. The electrons whirl 
about the nucleus of the atom much as the planets 
whirl about the sun.
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FigurmlJ-l. Boron Atom

In the lighter elements, the nucleus contains 
approximately one neutron for each proton while 
in heavier elements the neutrons will outnumber 
the protons. The nucleus of the helium atom con
sists of two neutrons and two protons. The mer
cury atom, a heavy clement, has 80 protons and 
120 neutrons in its nucleus.

Planetary Electrons. Surrounding the posi
tive nucleus of the atom is a negative-charged 
cloud made up of planetary electrons. Each of 
these electrons contains one unit of negative elec
tricity equal in charge to the unit of positive 
electricity contained in the proton. In a normal 
atom, the number of planetary electrons is exactly 
equal to the number of protons in the nucleus. 
Therefore, the net charge of an atom is zero, since 
the equal and opposite effects of the positive and 
negative charges balance one another.

If an external force is applied to an atom, one 
or more of the outermost, electrons may be re
moved. This is possible because the farther the 
electrons are from the nucleus, the less attraction 
they have to the nucleus. When atoms combine to 
form an elemental substance, the outer electrons 
of one atom will interact with the outer electrons 
of neighboring atoms to form bonds between the 
atoms. When bonding occurs in some substances, 
each atom retains its full complement of elec
trons. In other substances, one or more outer 
electrons will be gained or lost as a result of bond
ing. The electron configuration of the atom is of 
great importance as the chemical and electrical 
properties- of a material depend almost wholly 
upon the electron arrangement within its atoms.

The nucleus of the atom is well shielded by the 
electron cloud and does not enter into chemical

or electrical processes. To dissipate the nucleus 
of an atom requires a vast amount of energy such 
as is released by each atom in the explosion of 
an atomic bomb.

The Hydrogen Atom. The simplest of all 
atoms is that of the element hydrogen. The hydro
gen atom is composed of a nucleus containing one 
proton and a single planetary electron. According 
to a concept developed by Niels Bohr (figure
11-2), the electron travels about the nucleus in a 
circular orbit having a fixed radius. As the elec
tron revolves around the nucleus it is held in this 
orbit by two counteracting forces. One of these 
forces is called centrifugal force, and is the force 
which tends to cause the electron lo fly outward 
as it travels around its circular orbit. This is the 
same force which causes a car to roll off a high
way when rounding a curve at too high a speed. 
The second force acting on the electron is centrip
etal force. This force tends to pull the electron 
in towards the nucleus and is provided by the 
mutual attraction between the positive nucleus 
and negative electron. At some given radius “r,” 
the two forces will exactly balance each other, 
providing a stable path for the electron. For the 
hydrogen atom, the average radius is approxi
mately 5.3 x 10-11 meter.

Bohr stated that since electrons favored certain 
energy levels, only certain orbits are possible. He 
maintained that an electron neither radiates nor 
absorbs energy as long as it stays in a particular 
orbit. When an electron goes from one orbit to 
another, however, it radiates or absorbs energy 
in discrete amounts called quanta. In 1922 Bohr 
was awarded the Nobel prize in physics for his
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work. The model of the Bohr atom, figure 11-3, 
soon became the basis for the scientific explana
tion of matter

Quantum Physics Concepts. The laser is 
often referred to as a quantum electronic device, 
thus necessitating the introduction of some im
portant concepts of modem or quantum physics 
which directly apply to the laser. Certain perti
nent facts relating to laser operation are presented 
here in expanded form as a foundation for the 
advanced topics treated in succeeding para
graphs. Max Planck was an obscure professor 
when he proposed the theory that if molecules of 
a material are excited, they will vibrate or oscil
late and emit multiples of a unit amount of en
ergy. This unit amount he designated as a quan
tum and defined it by a simple formula: E =  hft 
where E is the amount of energy (the quantum), 
h is a constant (Planck’s constant) equal to 
6.62 x 10"27 erg-sec, and f is the frequency of 
vibration or oscillation produced by the molecule. 
In effect, Planck described each molecule as a 
tiny oscillator that can generate E, 2E, 3E, 4E, 
etc. amounts of energy, but never a fractional 
amount of a quantum.

Planck’s hypothec, that the energies of the 
electron oscillators responsible for radiation were 
quantized (restricted in certain integral multiples 
of a constant which now bears his name) were 
consistent: with experimental findings. Planck’s 
quantum hypothesis was successfully employed

by Albert Einstein in explaining, among other 
phenomena, the photoelectric clTccr. fn explain
ing the photoelectric effect. Einstein extended 
the quantum concept to the radiation itself. 
He assumed that light interacts with electrons 
in a metal as if the light were itself composed of 
discrete bundles of energy. Consequently, a light 
beam can be thought of as a stream of massless 
particles called photons which travel at the speed 
of light. Each particle contains the energy of hf 
joules.

Energy Levels. Since the electron in the hy
drogen atom has both mass and motion, it con
tains two types of energy. By virtue of its motion 
the electron contains kinetic energy. Because of its 
position, it also contains potential energy. The total 
energy contained by the electron (kinetic plus 
potential) is the factor which determines the 
radius of the electron orbit. The orbit shown in 
figure 11-2 is the smallest possible orbit the hydro
gen electron can have. For the electron to remain 
in this orbit, it must neither gain nor lose energy.

Light energy exists in tiny packets or bundles 
of energy called photons. Each photon contains 
a definite amount of energy depending on the 
color (wavelength) of light it represents. Should 
a photon of sufficient energy collide with the or
bital hydrogen electron, the electron will absorb 
the photon’s energy. The electron, which now has 
a greater than normal amount of energy, will jump 
to a new orbit farther from the nucleus. The first 
new orbit to which the electron can jump has a 
radius four times as large as the radius of the 
original orbit. Had (he electron received a greater 
amount of energy, the next possible orbit to which 
it could jump would have a radius nine times 
the original. Each orbit may be considered to 
represent one of a large number of energy levels 
that the electron may attain. It must be empha
sized that the electron cannot just jump to any 
orbit. The electron will remain in its lowest or
bit until a sufficient amount of energy is available, 
at which time the electron will accept the energy 
and jump to one of a series of permissible orbits. 
An electron cannot exist in the space between 
permissible orbits or energy levels. This indi
cates that the electron will not accept a. photon 
of energy unless it contains enough energy to 
elevate the electron to one of the allowable energy 
levels. Heat energy and collisions with orher
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particles can also cause the electron to jump 
orbits.

Once the electron has been elevated to any 
energy level higher than the lowest possible energy 
level, the atom is said to be in an ex cited state. 
The electron will not remain in this excited con
dition for more than a fraction of a second be
fore it will radiate the excess energy and return 
to a lower energy orbit. To illustrate this princi
ple, assume that a normal electron has just re
ceived a photon of energy sufficient to raise it 
from the first to the third energy level. In a short 
period of time, the electron may jump back to 
the first level emitting a new photon identical to 
the one it received.

A second alternative would be for the electron 
to return to the lower level in two jumps— from 
the third to the second, and then from the second 
to the first. In this case the electron would emit 
two photons, one for each jump. Each of these 
photons would have less energy than the original 
photon which excited the electron and would 
represent a longer wavelength of light.

This principle is used in the fluorescent light 
where ultraviolet light photons, which are not 
visible to the human eye, bombard a phosphor 
coating on the inside of a glass, tube. The phos
phor electrons, in returning to their normal orbits, 
emit photons of light that are of a visible wave
length (longer wavelength). By using the proper 
chemicals for the phosphor coating, any color 
of light may be obtained. The coloring of the 
screen of a television picture tube is an example.

In 1913, Niels Bohr gave the quantum theory 
new stimulus by proposing a quantized model for 
the hydrogen atom. In Bohr’s model, the hydrogen 
atom is pictured as a small, positively charged 
nucleus, orbited by an electron.' Bohr postulated 
that the rotational energy of the orbiting electron 
can have only certain discrete values. These values 
define a set of stable electron orbits; that is, while 
an electron is rotating in a stable orbit, it does 
not emit radiation. A region which separates al
lowed energy levels is called an energy gap. The 
electron can change energy only in a jump in 
which it cither absorbs or emits a photon. The 
conservation of energy for an electron jump may 
be written E,n " E„ =  hfm.n where Em and En are 
two allowed energy states for the orbiting elec
tron, and fin,A is the frequency of the emitted

radiation. Figure 11-3 shows this for energy levels 
corresponding to m -  2 and n = I. Using Bohr’s 
model, the frequencies of the emitted radiation 
could be calculated. These calculated frequencies 
were found to agree almost perfectly with the 
observed characteristic spectrum of hydrogen.

In the years following the introduction of Bohr’s 
model, the quantum theory grew in significance 
and scope. Some of the features of the Bohr 
atom provide a useful introduction to the impor
tant concepts necessary to the description of laser 
operation.

A concrete picture of the Bohr model in terms 
of energy is provided by figure 11-4, where energy 
is plotted on the vertical scale. The horizontal 
lines represent the allowed energy levels, and the 
vertical connecting lines represent examples of 
electron jumps, or transitions. The wavelength of 
the emitted radiation is given along the transition 
lines in Angstrom units (I Angstrom = 10-10 
meter). Energy level E denotes the lowest energy 
level, or ground state, for the atom. The other 
levels (Ej, Ej, etc) represent excited states. Such 
a representation is called an energy-level diagram. 
The usefulness of these diagrams in atomic phys
ics can be appreciated when one realizes that the 
energy-level diagram for a given atom is peculiar 
to that type of atom. The energy-level diagram for
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an atom is to the atomic physicist what the sche
matic is to the electronics technician, because 
such a diagram provides important information 
concerning atomic behavior,

One feature of an atom's behavior not included 
in an energy diagram is the lifetime and popula
tion of levels. If the atom at some given time is 
in an excited state, its electrons are at any level 
except the ground state. The atom does not re
main at this level if disturbed, but spontaneously 
jumps to some other level, and emits radiation. 
There is always a tendency, following radiation, 
for an atom to return to its lowest energy, or 
ground state. Consequently, it radiates and then 
spontaneously makes transitions downward, ra
diating at each level, until the ground state is 
reached. In a gas with unexcited atoms, almost 
all atoms are in the ground state.

The situation is complicated by the fact that 
the average time an atom remains in a state, be
fore decaying to some lower level, depends on 
what state it is in to begin with. To complete the 
picture, a set of numbers must be made available 
which represents the mean lifetime of the electron 
in each of its possible states before it decays in 
spontaneous steps to the ground state. In general* 
these energy state lifetimes are quite short, less 
than 10-* second. However, levels exist for which 
the lifetime is considerably longer. These levels 
arc known as metastable states. Remember that 
each of the spontaneous transitions must con
serve energy, and, therefore, each is accompanied 
by the emission of a photon. Photons emitted 
by spontaneous transitions arc called spontaneous 
emissions. Since one atom docs not “know” what 
another atom is emitting, there is a lack of co
operation among atoms, and the resulting emis
sion produced is not coherent.

Complex Atoms. Although hydrogen has the 
simplest of all atoms, the basic principles just 
developed apply equally well to the atoms of more 
complex elements. The manner in which the or
bits arc established in an atom containing more 
than One electron is somewhat complicated and 
is part of the science known as quantum me
chanics. In an atom containing two or more elec
trons, the electrons interact with each other and 
the exact path of any one electron is very difficult 
to predict. Each electron will lie in a specific

energy band and the orbits may be considered 
as an average of the electron's position.

Shells and Suqshells. The dilTercncc be
tween the atoms, insofar as their chemical activity 
turd stability is concerned, depends upon the num
ber and position of the particles included within 
the atom. Atoms range from the simplest, the 
hydrogen atom containing one proton and one 
electron, to the very complex atomic structures 
such as silver, containing 47 protons and 47 elec
trons. In general, the electrons within the atom 
reside in groups of orbits called shells. These 
shells are elliptically shaped and are assumed to 
be located at fixed intervals as predicted by the 
Bohr concept. Thus, the shells are arranged in 
steps that correspond to fixed energy levels. The 
shells, and the number of electrons required to 
fill them, may be predicted using Pauli's exclu
sion principle. Simply stated, this principle speci
fies that each shell will contain a maximum of 
In* electrons, where (n) corresponds to the shell 
number starting with the one closest to the 
nucleus. By this principle the second shell, for 
example, would contain 2(2)s or 8 electrons when 
full. In addition to being numbered, the shells 
are also given letter designations as pictured in 
figure 11-5. Starting with the shell closest to the 
nucleus and progressing outward, the shells are 
labeled K, L, M. N> O. P, and Q, respectively. 
The shells are considered to be full or complete 
when they contain the following quantities of 
electrons: 2 in the K shell, 8 in the L shell, 18 
in the M shell, and so on. in accordance with the 
exclusion principle Each of these shells is a 
major shell and can be divided into subshells
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of which there are (our, tzbcted 2, 2, 3, and 4, 
respectively. Like the major shells, the subshells 
are also limited as to the .number of electrons 
which they can contain. The “ 1” subshell is com
plete when it contains 2 electrons, the "2” sub
shell when it contains 6, the '*3*' subshell when 
it contains 10, and the last or "4” subshell when 
it contains 14 electrons.

Inasmuch as the K shell can contain no more 
than two electrons, ji must have only one sub
shell. The M shell is composed of three subshells: 
1, 2, and 3. If the electrons in the l, 2, and 3 
subshells are added, their total is 18, the exact 
number required to fill the M  shell. This relation
ship exists between the sheik and subsheffs up to 
and including the N shell. Beyond the N shell, 
the actual number of electrons required to ft!) a 
shell has not been experimentally determined.

To drive electrons out of the shells of an atom 
requires the internal energy of the atom to be 
raised. This raised energy, may be obtained 
through bombardment hy photons or by subject
ing the atom to electronic fields. The amount of 
energy required to free electrons from tin in
dividual atom is called the ionization potential.

The ionization potential necessary to free an 
electron from an inner shell is much greater than 
that required to free an electron from an outer 
shell. Also, more energy is required to remove an 
electron from a complete shell than from an un
filled shell.

The dicussion of the atom, atomic structures, 
and energy levels is included because of the im
portant role it has played in. laser development. 
Laser operation requires (l) an active material 
that produces stimulated emission of radiation, 
(2) an excitation source that will pump power into 
the active material, and (3) a resonant structure.

Stimulated Emission

Ordinary light sources do not rely solely on 
spontaneous emissions for their output. Sponta
neous transitions are not the only means by which 
a particular atom returns to its ground state. 
Consider the hypothetical case of a coherent light 
(photon) beam traversing atoms of □ gas. When 
the frequency of such a source coincides with otic 
of the frequencies of spontaneous emission, atoms 
are induced to make transitions between two 
particular energy levels whose difference is AE,

and thus satisfy the relationship AE =* hi. An 
important result is that transitions from the upper 
to the lower energy states are induced, in addition 
to those in the opposite direction. The probability 
that the induced transition will be in one direction 
rather than the other depends only on which level 
the majority of atoms are located. When the tran
sition is from a lower fo an upper energy level 
(accompanied by the loss of one photon from the 
beam), it is called absorption. When the transi
tion is from upper to lower energy levels a pho
ton is emitted, and it is called Induced or stimu
lated emission. Note that in this case the emission 
was induced by the presence of the binding energy 
of the atom.

If equal numbers of atoms are in two levels, 
the beam intensity remains constant in traversing 
the gas. With more atoms in the upper than in 
the lower slate, the beam "sees” a net gain of 
photons, or is amplified by stimulated emissions in 
traversing the gas. Since photon emissions are 
induced by interaction with the photons in the 
beam, which are assumed to be coherent, they 
are all in phase, and the amplified beam is co
herent, as shown in figure 11-6. In this way, a 
single spontaneous emission is amplified into an 
intense coherent beam. The remaining problem 
is to obtain the higher concentration of atoms in 
the upper energy level necessary for amplification. 
This is known as population Inversion.

Stimulated emission is the basis of laser op- 
eration. When the photon is absorbed by the 
atom, the energy of the photon is converted to 
internal energy of the atom. The atom's electrons 
are raised to a "high energy” or "excited” state 
and later radiate this energy spontaneously, emit
ting a photon and returning to the ground state. 
Phosphorus illustrates (his principle; it glows when 
hit by light and continues to glow for a period of 
time alter the light is removed. Using ultraviolet 
light makes it glow as long as the ultraviolet light 
is present. However, as the energy source is in
creased, the glowing state ceases. 'Hie light energy 
is released in phase (polarized), but it is not last
ing action even though this light is monochro
matic (one frequency). This phenomenon, is the 
beginning c t the laser principle.

Coherence

You may recall from your study of electronics
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Figure I 1-6. Atomic Transitions Producing Emission and Absorption

that an effective transmitter is a generator of elec
tromagnetic waves which radiates a significant 
amount of coherent power in a narrow band of 
frequencies, including the one desired. The need 
for coherence in an efficient generator is some
times overlooked. An example is the design of the 
antenna for a receiver. The assumption is some
times made that increasing the antenna area in
creases the signal-to-noise ratio at the receiver 
detector. This is true only if the phase of the in
coming signal is constant or varies in a predict
able manner over all points of the antenna. If the 
phase of the signal changes in a random manner 
from point to point over the antenna, then the 
detector can only sum the absolute value of the 
incoming power. The sum of the phase angles 
could approximate zero and all modulation would 
be lost. This correlation of phase in the signal 
is precisely what is meant by coherence. An in
stantaneous correlation of phase from point to 
point in space is called spatiai coherence, and a 
consistent correlation in phase at two neighbor
ing points over a length of time is called temporal 
coherence. Refer to figure 11-7.

The generators of radio, television, and radar 
signals exhibit both temporal and spatial coher
ence in the emitted signal. Until the advent of 
the laser no sources of signal power operating in 
what is known as the optical spectrum were co
herent in any but a statistical sense.

The reason for the lack of coherence in optical 
sources other than the laser is related to the lack 
of correlation among the motions of the electrons, 
since each electron behaves as a tiny oscillator 
which emits light. For familiar light sources, such 
as tungsten filaments and gas-discharge tubes, 
electrical energy is supplied to create conditions

favorable to the emission of light; for example, 
by heating the filament or exciting the atoms in 
the gas. The actual emission process is not con
trolled. Each oscillator radiates independently of 
its neighbors. The emitted light, which is the sum 
of all the individual radiations, lacks both spatial 
and temporal coherence. The idea was first pro
posed in 1958 to maintain a constant phase re
lation over the oscillators by stimulating their 
emission with a wave of the frequency to be ra
diated. Two years later, using stimulated emis
sion, pulses of coherent optical radiation from a 
single ruby crystal were achieved.

R « * o n c m t  C a v i t i e s

You may again draw on your knowledge of 
electronics to understand the use of microwave 
cavities as determining the frequency of oscilla
tions, phase relationships, etc. Resonating struc
tures (cavities) are also, applied to lasers. Most 
lasers have parallel reflecting surfaces at the ends 
of the cavity. There must be a means of prevent
ing the stream of electrons from hitting the cavity 
wall. To change the energy level of the electron, a 
method of stimulation or pumping is used. The 
term pumping is defined as a process whereby 
matter is raised from a lower to a higher energy 
state. Another major factor in laser design is a 
method to dissipate excess heat generated by the 
pumping action. The higher the temperature, 
the more activity within the atomic system. How
ever, too much activity may cause the system to 
fail. This is especially true of ruby lasers. Tests 
have shown that the ruby laser does not function 
when it is overheated. The cavity must have some 
heat but the excess must be removed. To remove 
the heat, some lasers are bathed in a cryogenic
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figure  11-7. Spoh'af and  Temporal Coher»nc« 
Effects and  W aveforms

medium, while others are cooled by heat ex
changers.

At optical wavelengths, a single wavelength 
resonator would have dimensions inconveniently 
small. To overcome this problem, a special reso
nator can be built with dimensions thousands of 
times greater than the single wavelength. In the 
laser cavity, two mirrors are installed facing each 
other. The position of the mirrors is critical; they 
must be parallel, and a specific number of wave
lengths apart. One of the mirrors is completely 
silvered while the other is only partially silvered 
and remains somewhat transparent. As the energy 
from the medium is reflected back into itself it 
increases. With repeated pulses of light applied 
to the medium, the energy continues to increase 
until “breakthrough’' is accomplished. This break
through of light energy is coherent, nearly mono
chromatic, and polarized. These terms— coherent, 
monochromatic, and polarized— mean that there 
is a fixed phase relationship between the portion 
of the wave emitted at one instant and the wave 
emitted after a fixed time interval.

Obtaining population inversion involves the’ 
addition of energy to the gas. The process of pop
ulating an upper energy level at the expense of a 
lower one is called pumping. One possible method 
of pumping between two levels whose difference 
in energy is AE is by supplying electromagnetic 
energy of the frequency satisfying the relation 
hf =  AE, and thus raising the energy by absorp
tion. This method is efficient only at the start, 
when the population of the lower level exceeds 
that of the upper. As equal population is ob
tained, the number of upward transitions becomes 
equal to the number of downward transitions, 
regardless of the pumping energy. To obtain in
version, a more sophisticated technique is neces
sary, involving at least one intermediate energy 
level in which the pumped atoms may be stored.

THE RUBY USER

In its simplest form, the ruby laser is shown 
in figure 11-8. Figure 11-8A is the conventional 
drawing while figure 11-8B Is more familiar to 
you as a schematic representation. The ruby 
(aluminum oxide) plus a few chromium atoms 
(.05%) sparsely located throughout the aluminum 
oxide is most commonly used. The heart of the
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figure 1J-8. Simple Ruby Laser

device is the cylindrical mby crystal (a), around 
which is the helical flash tube (b). Mirrors at 
i -h end (c and d) reflect the light back and 
forth through the crystal, and the laser beam 
emerges through one of the mirrors which is only 
partly silvered.

The helical flash tube is a device for producing 
very intense light. The ruby absorbs energy from 
the flash tube and in a very short time (thousandths 
of a second) re-emits it, some energy in the form 
of light and the rest as heat.

A small part of the light energy produced by 
the ruby consists of the red beams traveling par
allel to its axis. This energy is reflected back and 
forth by the mirrors so that it passes through the 
crystal many times. As it passes, it is amplified; 
that is, it picks up more energy from the ruby. 
This energy travels in the form of red light along 
the beam as the intensity continues to build.

Light waves consist of all electromagnetic waves 
between 4000 and 7000 Angstrom units in wave
length. An Angstrom unit, denoted by the symbol 
A, is 10** cm. The shorter 4000 A waves produce 
the violet color, the 7000 A waves are those of 
red light, and the wavelengths in between corre
spond to other colors of the visual spectrum. The 
ruby crystal presented here operates in the 6943 
Angstrom range, which accounts for the charac
teristic red fluorescence.

Since the essential property of a gas is that 
the constituents do not interact with one another, 
a lightly doped (much less than one percent)

crystal is essentially a gas of dopant atoms in a 
rather special container. Their energy levels are 
modified by the presence of the host material. 
A simplified energy level diagram of the chromium 
ion in a ruby crystal is shown in figure 11-9. The 
intermediate level (3) is metastnble with a life
time of approximately 10^1 second.

By examination of figure 11-9, you can see 
that a pumping light of frequency fia causes a 
transition between levels I and 2. The atoms in 
the incited (2) state may return to the ground 
state spontaneously, either directly or by first 
stopping at the mctastable state. Because the life
time of the metastable state is 100,000 times long
er than that of state 2, the atoms which fall there 
may be considered almost stationary. The rate at 
which atoms find themselves in state 3 is propor
tional to the rate at which they arrive in state 
2, which, in turn, is proportional to the pumping 
power, and independent of the population. If 
sufficient pumping power is supplied, the popula
tion of the 3 state grows at the expense of the 1 
state and population inversion is obtained..

As long as the population is inverted, the ruby 
can be an amplifier for radiation of frequency 
f.u, and, as with any amplifier, adding a positive 
feedback loop can cause sustained oscillation. In 
this case, the positive feedback is the return of 
some of the output light (fo radiation) into the

G R O U N O  STATE (LEVEL 1)

Figure 11 -9, Three Live It of Chromfum Ion In Ruby 
Rod (associated with pumping and  laser action)
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ruby. This can easily be accomplished with mir
rors. By making use of the geometry of the mir
rors so the feedback is directional, a resonant 
cavity is formed. The amplifier radiation, re
ferred to as photon amplification, builds up in a 
standing-wave pattern that is familiar to you from 
your study of microwaves. .

The resonant cavity formed in the crystal itself 
is made possible by carefully grinding and polish
ing the ruby, and silvering Us ends. Because of 
the shortness of optical wavelengths, an essentia) 
difference exists between the crystal cavity and the 
more familiar microwave cavity. Calculating the 
wavelength from the energy-level diagram, the 
wavelength corresponding to f3i radiation is found 
to be 6943 Angstroms in a vacuum. A ruby 
ground to form a cavity 7.3-cm long (a typical 
size) has 100,Q00 nodes in the standing wave, and 
is resonant for every frequency that satisfies the 
standing wave condition (n /2 ) X =  fr, where X is 
the wavelength and n is an integer. For example, 
taking n as 105, the difference between resonant 
wavelengths, A X, is given by (AX/A) =  (Af/f) =  
1/n =  1CH, The cavity is resonant for a large 
number of frequencies immediately around f*t. 
instead of being resonant for only one particular 
frequency, as in the microwave case.

The pumping power required to obtain popu
lation inversion for a reasonable-size crystal is 
considerable. This population inversion may be 
accomplished only in brief bursts of light from a 
Hash lamp. First, the operating lime of the ruby 
laser is limited to a couple of milliseconds. Sec
ond, while the ruby is operating as a laser, the 
metastable stage is being depopulated by stimu
lated emission, and very quickly (in 10-4 second) 
outruns the pump. This causes laser action to 
stop until the pump can again create a population 
inversion. The output of a ruby taser is composed 
of a series of irregularly spaced spikes about ID-4 
second in duration, in an envelope defined by 
the pump lamp duration. Figures 1I-I0A and B 
show an oscilloscope trace of the output of a 
photo detector receiving light energy from a ruby 
laser.

Finally, consider the over-alf efficiency of the 
ruby laser by forming a percentage from the ratio 
of total output of laser light energy to the electrical 
energy supplied to the pump. This efficiency is less 
than one percent with most of the lost energy dis

figure 11-10. Output o f a Ruby Laxar

sipated in heating the ruby crystal. This makes 
cooling the crystal an important practical consid
eration.

Additional information on the ruby laser is 
given later in this chapter. At this time, however, 
compare the theory of the ruby laser thus far to 
the theory of the gas laser,

THE GAS LA5ER

Gas lasers offer more avenues for exploration 
than solid-state lasers because the atoms are more 
accessible for stimulation by a variety of means.

To understand the operation of the helium-neon 
gas laser, a different means of obtaining popula
tion inversion, as well as of pumping, must be 
considered. The modification of the energy-level 
scheme is shown in figure 11-11. Note that a 
fourth or terminal level has been added above the 
ground state. The population inversion is now ob-
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P U M P IN G  LEVEL (2)

Figure 1M  7. Energy Level Program of Four-Level
Gas Later

tained between the 3 and 4 levels. The advantage 
of the four-level scheme is that the initial popula
tion of the terminal level is negligible as compared 
with the ground state; therefore, inversion Is more 
easily obtained. That is, fewer atoms in the 3 
state are necessary for its population to exceed 
that of the 4 state than would be required at the 
ground level. This reduces the pumping power re
quired, and opens up the possibility of pumping 
by a different method, called electron-collision 
pumping.

In quantum theory, an analogy is found for an 
electron beam traversing atoms of gas and that of 
a photon beam. Only when the kinetic energy of 
the electrons coincides with the differences in en
ergy between any two levels are atoms induced by 
collisions with the electrons to make transitions 
between these levels. As in the electro-magnetic 
case, the most probable direction of the transition 
depends only on the relative populations of the 
states. Rather than the energy from a light beam, 
the energy of accelerated electrons can be used to 
pump atoms of gas in a discharge tube. These 
electrons may be the result of a glow discharge 
when RF energy is applied to the discharge tube. 
The advantage of this method is that energy can 
be maintained constant over extended periods of 
time to obtain a continuous laser output.

The first successful operation of a laser by col
lision pumping required the presence of two

gases, such as helium and neon, in the discharge 
tube [o realize the proper energy scheme. A slight 
digression is necessary to consider the transfer of 
energy between atoms of different gases. A sort 
of resonance phenomenon is encountered where 
energy transfer proceeds only when un energy gap 
is shared. Thai is. an atom of one type of gas (A) 
in a given energy level (2A) may transfer its en
ergy to an atom of another type (B) in a stage 
(IB) via a collision if, and only if, there exists 
energy levels 1A and 2B of such value that 
Bja - E ia =  E ia- E jb (see figure 11-12). As be
fore, the probability of the transition direction is 
determined by the population of the levels.

In the gas laser, the higher and lower energy 
levels are in different gases, and their population 
can be modified by changing the relative concen
tration of the different, gases in the discharge tube. 
This additional control was fundamental in achiev
ing the first observed laser action in a gaseous 
mixture of helium and neon.

Figure 11-13 shows the pertinent Sections of 
the energy-level diagrams for helium and neon 
with the transitions indicated. Note that when the 
3 ievel is well populated by pumping energy, there 
is amplification for two different frequencies, f3* 
and f u ‘ Note also that the alternate route 1, 2', 
3', 4 ' should result in amplification at the fre
quency fsY- Laser action has been observed at all 
of these frequencies in helium-neon mixtures. Se
lection of oscillation between these frequencies is

OftOl.NL> STATE.

________ GROUND STATE

g a s  a  g a s  &

Figure 11-12, Resonant Transfer by Collision of 
Gas Atoms
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Figure 11-13. Energy Level Diagram o f Helium and  
Neon during Laser Action

accomplished by using feedback mirrors with re
flectivities at different frequencies.

The most distinctive difference between the 
helium-neon laser and the ruby laser is in their 
outputs. The ruby laser output is typified by irreg
ular spiking, while the helium-neon user is capa
ble of a continuous wave of . extremely narrow 
bandwidth. This distinction of emissions has' de
termined the field of application of the particular 
laser. Equipments that require pulscd-type emis
sions of high instantaneous power for short dura
tions have adopted the ruby laser. On the other 
hand, continuous communications that require so
phisticated demodulation techniques, such as the 
practical use of light interferometry, find the gase
ous type of lasers well suited.

The above discussion by no means covers all 
known lasers. In fact, the list of laser materials 
grows almost weekly. Laser action has been ob
served in other solids doped with small quantities 
of rare-earth ions, in almost all of the noble gases, 
and even in some special liquids. In addition, the 
observation of coherent light generated by injec
tion currents in semiconductor diodes, such as 
gallium arsenide and gallium phosphide, has added 
another important class of laser, termed injection 
laser, to this fast-growing field,

LASER ENERGY AND EMISSION 
CHARACTERISTICS

Laser operation requires an active material that 
produces emission of radiation, an excitation 
source that pumps power into the active material, 
and a resonant structure. Both solid-state and gas

lasers have these characteristics. The functioning 
of the solid-state lasers developed up to now is 
essentially the same as that of the original ruby 
laser. Figure tl-1 4  shows a block diagram of a 
typical ruby laser. The active material is ruby, the 
excitation source is a xenon Hash tube, and the 
resonant structure is formed by a ruby rod whose 
ends arc reflecting mirrors. One end of the rod 
has a heavy silver coat that forms an opaque mir
ror; the other end has a light silver coat that forms 
a 92-percent reflecting mirror.

Although the complete physical and mathemat
ical description of laser action is complicated, it is 
possible to get a simplified picture of laser action 
by relating this action to the energy-level diagram 
of the laser material. Figure 11-15 A shows a sim
plified energy-level diagram for Cr-F +  -f (chro
mium ion) doped pink-ruby crystal (CriOaiALQO. 
the material used in the ruby laser. The heights of 
black bars l and 2 and of the area shown in cross 
hatching 3 indicate the possible energies that a 
Cr+- +■ +  ion can have. Energy is in units of 10* 
wavelengths per cm; 1 wavelength per cm (lcm_1) 
is equivalent to 1.9858 X 10“ 15 erg. In their nor
mal condition (the ground state), the C r+  +  -f- 
ions have zero energy. This condition is indicated 
by level 1.

If light photons having a wavelength of 5600 
Angstroms irradiate the ruby crystal, they will

Ti
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E M IS S IO N  SPECTRA FO R  LO W -PO W ER  
EXC ITAT ION  O F  RUBY LASER

6,930
*

C
E M IS S IO N  SPECTRA FOR H IO H -PO W ER  

EXC ITA T IO N  O F  RUBY LASER

Figure 7 7-15. Energy level Diagram for Ruby l a « r

raise the energies of some C r - f+  +  ions to va
rious energy levels lying in the absorption band of 
energies indicated by 3* Flash tubes supply this 
irradiating light, along with light composed of 
many other wavelengths. The left-hand arrow,

Wi3, going from levfel 1 to band 3 indicates the 
increase in energy acquired by a C r - f - f  +  ion 
when it absorbs a 5600-Angstrom light photon. 
The use of light excitation to raise the energy level 
of atoms to higher levels is called optical pump-
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ing. After short but finite times elapse (relaxation 
times), some of the Cr4--+-'+ ions in band 3 drop 
back to level I (shown by Aj i). and some drop to 
level 2 (shown by S u ). The rate at which 
CrH—|—V- ions drop to level 2 is greater than the 
rate at which they drop to level l. The C r ^ - f  +  
ions in energy level 2 hold their energy for a 
short time before they drop to level l. The rate 
that ions go from level 2 to level 1 (Aai) is less 
than the rate at which C r-f-f-l-  ions go from 
level 1 to level 3. Optical pumping builds up the 
number of ions having level-2 energies to a greater 
number than the number of ions having level l  
energies. In other words, the C r-h -f - f  popula
tions of levels l and 2 are inverted from their 
normal relationship. This population inversion is 
essential for producing stimulated emission.

In dropping from level 2 to level 1, Cr-^—l—h 
ions radiate light. Level 2 (2c) is actually com
posed of two levels, levels E and 2A, which emit 
radiation lines Ri and Ri, respectively. If condi
tions were not completely correct for achieving 
laser action (for example, if an insufficient amount 
of excitation were applied), Rj radiation would be 
spontaneous radiation rather than stimulated ra
diation, and would include a much broader band 
of wavelengths than the stimulated emission (parts 
B and C of figure 11-15). In both case9, the center 
frequency of the Ri and Rj energy radiated when 
ions drop from level 2 to level 1 is calculated from 
i/ z= (Et — Bt)/b, where v  is the frequency, E« is 
the energy at the center of level Is (for Ri) or level 
2A (for R*), Ei is a constant representing the first 
energy level, and h is Planck's constant. The res
onating character of laser action enhances radia
tion at the central wavelength of Ri, and dimin
ishes other radiation. Arrow A21 in figure 11-15A 
indicates the spontaneous radiation of R i and Rj 
that will be emitted if laser operating conditions 
are not correct. The broken arrow indicates the 
laser output, which is composed of coherent laser 
radiation at Ri and spontaneous (incoherent) ra
diation at both Ri and Ra.

The simplified sketches shown in figure 11-16 
illustrate sequences of laser action. At the instant 
that pumping light U applied, all C r-f ions 
are in the ground state; the unshaded circles indi
cate this state. Optical pumping raises some 
Cr +  +  -j- ions to level E (figure 11-ISA), The 
black circles in figure 11-16B indicate ions that

PUMPING LIGHT

U j T SJA
o o o o o

o o o o o 1, o

O 0 0 o o

U SU G H T I.Y  TRANSPARENT MIRROR

OPAQUE
MIRROR

RUSY ROD

&

figu re  11-16. Emitted flac/JoHon Sequence of 

d a ie r Beam

11-15



AFM 52-31 I July 1972

have been pumped up to level E. Some Cr-^ +  H- 
ions drop to level Irradiating photons that have 
various wavelengths centered about the central 
wavelength of RlP (Consider a photon as a bundle 
of light energy that has wave-like properties.) Fig
ure 1I-16C shows ion A, which is dropping to 
level l. spontaneously emitting radiation. In these 
simplified sketches, ion A is the first ion (and the 
only one that is shown) to emit Ri radiation spon
taneously; that is, without being stimulated by Ri 
radiation. The radiated photon lends to stimulate 
radiation of the same wavelength from other 
Cr-f 4*4“ ions of level E that are in its path. This 
is indicated in figure 11-16 C and D. Assume that 
incident radiation a from ion A has the some 
wavelength of the strongest Ri emission. Incident 
photon a is reinforced by stimulated photons b, c, 
and d in a precise phase relationship, as indicated 
by light rays a -f  b, o +  c, and a +  d in figure 
11-16D. The opaque minor reflects a +  b back 
into the ruby cavity, but a +  c passes through the 
side wall and is lost. The cavity enhances radiation 
propagated parallel to the axis of the ruby rod, 
and minimizes radiation going in other directions. 
Because of the amplification caused by photons 
of the same wavelength, rays composed of photons 
of the center wavelength of the Ri line, which is 
the strongest (that is, most prevalent) wavelength, 
become predominant over other Rr wavelength 
rays. This action makes the laser output highly, 
but not completely, monochromatic.

Since photons traversing paths other than in 
the direction of the long axis of the crystal escape 
from the sides of the rod (figure I1-I6D),- the 
laser output beam, is highly directional. Photon 
streams reflect back and forth between the end 
mirrors and emerge from that end of the mirror 
which is slightly transparent. Figure 11-16E indi
cates the cohering effect of the light field in the 
cavity used to stimulate emission by the ions. To 
maintain the stimulated-emisston process, losses 
such as those caused by the escape of radiation 
from the crystal and losses caused by mirror re
flection must be overcome by photon amplifica
tion, The beam angle of the ruby laser is on the 
order of 0.01 radian.

Although vast numbers of ions within the ruby 
crystal are individual radiators of photons, laser 
action causes the ions to radiate their energy in 
step (coherently). The key action of the laser

process that produces in-step radiation is the trig
gering of an ion by an incident photon, in order 
to emit a ph..t»n in phase. Since the individual 
radiators radiate nearly in step, and since these 
radiators produce radiation of approximately the 
same wavelength, the laser’s output beam has 
space and time coherence.

Typical PRF rates have been on the order of 
several pulses per • linute, Each output pulse con
tains large-amplitude spikes (figure II-J6F) which 
result from the inability of the pump to supply 
energy level 2 at a rate fast enough to keep up with 
the rate at which these ions drop from level 2 
during the stimulatcd-emission process. CW oper
ation of a ruby laser has been accomplished by 
Dr. V. Evtuhov of Hughes Research Laboratory.

One type of gas laser provides continuous op
eration at several infrared wavelengths— 11.180, 
11,530, 11,600, 11,990, and 12,070 Angstroms, 
the strongest being the 11,530-Angstrom output 
line. The main difference between the way the gas 
laser functions and the way solid-state lasers func
tion is the method by which they are excited and 
pumped into an inverted-population condition. 
Helium, at a pressure of 1 millimeter (mm) of 
mercury, and neon, at a pressure of 0.1 mm, are 
sent Into the laser tube, whose ends contain flat, 
parallel, and semitransparent mirrors. A 30 MHz 
RF generator produces an electrical discharge 
through the gas mixture, thus raising the energy 
of ground-state (U-energy) between atoms to the 
2*S energy level (figure 11-17). These helium

Figure T t-1 7. Energy level Diagram o f Helium 
and  Neon Gores

11-16



1 July 1972 AFM 52-31

atoms collide with neon atoms that are in the 
ground state and energy exchanges between helium 
and neon atoms take place. Because of the col
lision, the internal energy of the ground-state neon 
atom increases to the 2s level, which comprises 
four sublevels, and the internal energy of the 2US 
helium atom drops to zero. This collision process 
produces 2s-levci neon atoms rather than 2p or 
Is-level neon atoms, because the energy-exchange 
process is such that the least possible amount of 
change in the total internal energy of the colliding 
atoms occurs. Since the energy of the 2s levels 
is nearly equal to that of the 2aS helium level, 
a 23S helium atom readily transfers its internal 
energy to a 2s neon atom, with little of the 23S 
helium atom's interna) energy being converted to 
kinetic energy! Building up the 2s neon popula
tion produces a sufficiently large inverted popula
tion between levels 2s and 2p to achieve laser 
action. .

Soon after optical pumping raises the popula
tion of the 2s level above the population of the 2p 
level, the light held that is .built up inside the 
laser-tube cavity becomes coherent, and stimulates 
coherent emission of 2s level atoms throughout 
the tube.

Level 2s is composed of four sublevels and level 
2p is composed of 10 sublevels. There are 30 
possible transitions in which atoms in level ’2s 
may drop to level 2p and radiate infrared, but 
only five of these transitions have thus far been 
stimulated emissions. The 2sa to 2p.k energy change 
produces 11,530 Angstroms, the strongest stimu
lated emission.

LASER CLASSIFICATION
Lasers have largely been classified according 

to the nature of the material (see tables 11-1 and 
11-2) placed between the two reflecting surfaces. 
If this material is a solid, such as a rod of ruby 
crystal, the device is referred to as a solid-state 
laser. If the material is a gas, such as a mixture 
of helium and neon enclosed in a quartz tube, the 
device is termed a gas laser. If the action takes 
place at the junction of two semiconductor mate
rials, such as a gallium-arsenide (GaAs) diode, 
the device is termed a semiconductor diode laser. 
If the material is a liquid or a plastic, such as 
doped chelates in alcohol, or vinylic resin, the 
device is designated a liquid or plastic laser, re-

Tabfe T T-J, Arbitrary C/oss/fi'catfon of loser Types

O PT ICALLY  PUM PED  
S O H O  01EIECTRIC

Pulstd— low #n«rgy; high tnargyr
high rapatifivt rott—  high ave rog* 
pow ir 

Continuous 
Crystalline holt

(somtlimos calUd solid state)
G ia n  host 
ftort-torlh host

G A S
LASER

Pulstd
Continuous— low powofj medium power 
Array!
1on»i«d ga t—  pulstd 
Continuous— low pow ir; high powtr 
R F txciiolioo (pomp)
DC excitation (pump)
Optical tx iilo llo n  ( ra n )

D IO D E
LASER

•

P a llid — low trttrgy
Continuous— low power; high pow tr
A rray
Room temperature 
Largo volume diode laser 
SUctron beam pumped

lem konduclor laser (not diode)

STO RA G E
U S E R

G iant p g lit  Q-s witched. «t«.
Passive Q  switch (lofuroiion absorption) 
Storage diode I***/’

SPEC IA L
LASERS

fn q v in c y  doubled 
frequency tripled 
Roman later 
liqu id  losar 
P lonk  la i if

A M P L IF Y IN G  IASCR  
(special c a m  of 

basic lyp t i)

O icitlalor—  amplifier for pulsed powtr 
Traveling wave la itr  (nonretonanf cavity) 
Dump amplifier— laturation amplifier 
Ring lastr(s)

spectively. These latter devices are sometimes re
ferred to as Raman lasers when they are used to 
study or apply the light-scattering phenomenon 
known as Raman spectra. These are the extra 
spectral lines appearing near the prominent lines 
of the spectrum obtained when a strong light 
passes through a transparent liquid or gas.
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Tob/* JI-2. Ia*«rMaterial;

%

HOST

INJECTION LASER D IODES

lnKJ WAVELENGTH 
(mkronit

TEMP.
(dagrats K>

G 0 A1 0.R4Q0 7 7

Ga lA ij— x Pk) 0.14-0.71 7 7

InP o.9oe 7 7

In At 3.1 4.77
SIC 0.5 300

O R Q A N IC 5

B«r>*ophfnon«—
naphthaline

0.47 77

Eu’H— n A  ch.lot. 0.6130 7 7

C A SE O U S  LASERS

H , - N * 0 4 3 2 0 -3 .2 7 )3 24 of « « r* Unit
H i 2.0603
N . 1.1523-17.88 4 |Ia»«
A 14180 -12 .14 5 1lfl«
Kr 14 9 0 0 -7 .0 6  9 lliu i
Xt 2.0261-12.913 2 Unit
A - O , O.I446
N i - O j 0.1446
<« 7.1821

Figure 11-18 illustrates some relative relation
ships between various laser outputs and the visible 
electromagnetic spectrum.

A summary of important properties of typical 
lasers is presented in table 11-3. The lasers are 
essentially listed by types in most cases with a 
variation of laser material.

Laser materials and construction are under in
tensive and continual development in scores, per
haps hundreds, of laboratories. Table 11-4 lists 
materials and data that apply to typical lasers that 
have worked. The only working gas laser listed 
is the helium-neon laser. All of the other lasers 
that are listed use solid-state laser materials.

LASER CONSTRUCTION

The resonating. structures (cavities) of most 
lasers have parallel reflecting surfaces at the ends 
of the cavities, as shown in figure 11-19A. The 
confocal resonator shown in figure U-19B is 
formed by two spherical reflectors separated by 
their equal radii <ot curvature. A oorifooa! reso
nator has certain advantages over a parallel-plane 
cavity. It has lower diffraction losses, and requires 
less pumping power. Optical alignment of parallel

Table 7 7-3. Summary 0 ala of Imparl ant Prop»rtla$ of TypfedJ la  jam

LASER
M ATERIAL

r r n M E A N S  O E  
EXC ITAT IO N

E M IS S IO N
W A V ELEN O T H

O PER A T IO N
M O D E

E M IC IE N C Y  
O R  O A IN

TYPICAL OUTPUT 
POW ER

Ruby Solid Optical
pumping

6943 A ■ Puliad . 2 % 7 to TO m tgow otli

n ion Q o i Elcctricol
dliehorgt

6328  A  
1.15 n 
0.39  ft

cw .05
.1 % / m  

5

10 fo 100 mw

Milium —  xenon G w Electrical
dltcharga

3.5 tt 
2.026 n

cw \ H / m
1 5 % / m

100 M W

X«non O o i Electrkof
diieharga

3 4 / i cw 3 % / m 10 fliw

Ctifum— h«liva* C m Optical
pvmpJrvg

7.11 ft cw 1 % / iti 1 ta 10 mw

Affloil Electrical
dltcharge

4880  A CW 1 5 % / m 1 lo  1 0  worn

Neodymium 
in g la u

Solid Optical
pumping

1.06 » CW . 0 5 % 1 waif

Gallium
a n w U t

Dtoda 1nj»dlon
(Ufflfll

8450  A «W ,

Pulled
10 h> 3 0 % A  to 1 wall

1MB



1 July 1972 AFM 52-31

2 2 X 1 0 *  a  S U N S  R A Y S  R E A C H IN G  
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3.000 A
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1
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II

26,000 A 
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INFRARED  LIMIT
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Figure 11-18. Som# fofafiVe Relationships between Various Loser Oirfpufi ond Visible £ledromagnetic Spectrum

reflectors is critical, whereas optical alignment of 
spherical reflectors is not. Figure U-19C shows 
a cavity geometry that is designed to attain total 
internal reflection.

Silver mirrors and mirrors with dielectric coat
ings have been used as end reflectors in both

Table 11-4. Typical Laser Materials and Output Data

LASER M ATER IAL OUTPUT SPECTRAL L IN ES  (ane itromi) 
(D O P IN G  M ATER IAL IS  (OUTPUT W A V ELEN G T H  V A R U S  

S H O W N  IN  PARENTHESES) W ITH  TEMPERATURE)

H « - N . 11,110, ] 1,330. 11,600. 11.990, 12.070

Ruby (0 .0 3 %  C r Ion) 6,943

Ruby (0 .3 %  C r ion) 7,009, 6 ,93<  7,041

C aFj (0 .0 3 %  U ion) 23,000

C a f, (0 .1 %  Sm) 7,082

BoFj (U ion) 27,000

C 0 W O 4 (Neodymium ion) 10,600

solid-state and gas lasers. A dielectric coated mir
ror contains a number of dielectric layers, having 
different optical matching characteristics. Silver 
has a lower reflet1 ance than a dielectric coating, 
and causes relati.cly higher losses, particularly 
when used in ruby lasers which have high peak 
powers. Silver coatings deteriorate with time and 
use. After several hundred output pulses, the exact 
number depending on operating conditions, silver 
mirrors have to be replaced because their deterio
ration begins to reduce the output significantly. 
Dielectric coatings do not sulfer such deteriora
tion.

Heat affects solid-state lasers more than gas 
lasers. Tests and observations of extended periods 
of operation have shown that a ruby laser does 
not function when it is overheated. Internal heat
ing of the laser material is one of the factors that 
thus far have prevented CW laser operation of 
solid-state materials, in spite of the use of such 
external coolants as liquid nitrogen. Since heat 
transfer requires time, heat may be trapped wiiliin
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OPAQUE

C  RESO N ATO RS

Figure M-T9. lo ie r  Resonating Cavity Structures

the laser crystal for a long enough period to block 
continuous laser action. Heating tends to broaden 
the widths of radiated spectral lines.

The helium-neon gas laser shown in figure 1l- 
20 operates at lower power levels than the solid- 
state lasers developed up to now. Typically, RF 
excitation power is 50 watts, although it can be 
as low as 10 watts, and has been reported as high 
as 80 watts. If too much RF power is applied, 
laser action will not occur. The minimum dis
charge-tube length that is necessary for laser ac
tion is about 20 cm. The RF exciter of the laser 
runs at 28 MHz (30-MHz excitation has also been 
reported). The tube is filled with a mixture of

helium at 1.0-nun pressure and of neon at 0.2 
nun. The Pyrcx discharge tube (quartz tubes have 
also been uscdi is mounted on a low-expansion 
Invar rod frame. Each of the two end assemblies 
shown in figure 1I.-20B contains a flexible metal 
bellows. A dillcrcntial screw at each end brings 
the dielectric-coating mirrors into parallel align
ment, the dilTcrenlial-screw movement providing 
a resolution of l second of arc. Mirror faces are 
spaced 1.0 meter apart. Uniaxial flexible studs 
allow slight positioning adjustments of the end 
plates. Output windows are sealed with copper 
gaskets. The window at the end that is not shown 
in figure 11-20R is a quartz flat. A spring-loading 
mechanism (not shown) provides a vernier adjust
ment of parallelism. Copper-brazed stainless steel 
is used throughout the construction.

INJECTION LASERS

The newest and smallest member of the family 
of lasers is a tiny block of semiconductor crystal 
called the injection laser. This represents a  giant 
step toward practical realization of the great po
tential in laser light. The injection laser is closely 
related to the optically pumped laser crystal. In 
1960, the optically pumped crystal gave a new 
form of light to science and industry. For the first 
lime, light possessed the useful properties of radio 
waves and microwaves; it. retained its phase, for a 
large number of cycles.

As with radio waves, light consists of electro
magnetic oscillations propagated through space. 
Prior to the laser, light waves had not been pro
duced with the spectral purity that characterizes 
radio waves. The laser changed this situation by 
producing light that is extremely well-defined in 
frequency, and spatially uniform.

The most striking feature of the injection laser 
is the simplicity with which its electrons are 
pumped, or excited, into high energy states. Ulti
mately, the energy used to pump almost all lasers 
is electrical, but this electrical energy must be con
verted into energy of excited electrons in a laser.

The simplicity of injection laser pumping can 
be seen easily by comparing it to two other types 
(see figure 11-21). In the case of the optically 
pumped laser, electrical current operates a lamp 
that emits radiation in the pumping band of the 
laser. Radiation in the pumping band produces
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excited atoms. Similarly, in the gas laser the elec
trical energy is converted first into kinetic energy 
of electrons. The high-energy electrons then excite 
atoms of the gas by colliding with them. Injection 
lasers use electrical energy directly, pumping elec
trons to high energy states by injecting electrons 
and holes across a P-N junction.

Eliminating an intermediate stage in the trans
formation of electrical energy to light has two 
important advantages. First, although the conver
sion of energy from one form in another is usually 
inefficient, the injection laser’s direct transforma
tion process brings the efficiency to a relatively 
high level. Efficiency of the HcNe laser is typically 
as follows: injection type 20 percent, optically 
pumped 1 percent, and gas 0.01 percent. A COa 
is typically 15 percent efficient and CO has been 
reported to be in excess of 40 percent.

The second advantage is the simplified equip
ment used in pumping electrons directly with elec
trical energy. Lasers that have to be pumped 
through an intermediate form of energy need 
bulky, expensive equipment for the transforma
tion. The injection laser eliminates this auxiliary 
apparatus. This second advantage of the injection 
laser is especially apparent when compared with 
the optically pumped laser, which is itself a small 
crystal of fluorescent material. This small crystal 
must be surrounded by a much larger array of 
lamps and reflectors when in operation.

The phenomenon of P-N junction electrolumi
nescence was first noted in 1923. It was found 
that light was often emitted when point electrodes 
were placed on certain silicon carbide crystals 
and current passed through them. Modern semi
conductor theory explains this phenomenon. If 
electrons are injected into P-type material, or posi
tive holes injected into N-type material, they re
combine spontaneously with the majority carriers 
existing in the material, and may emit radiation 
in the recombination process.

Previously, P-N junction electroluminescence 
had never been a technologically useful phenom
enon because its efficiency was low. Most elec
trons do not emit a photon in recombining with 
a hole, but rather convert recombination energy to 
heat. The function of junction electroluminescence 
in science and technology was altered rapidly in 
the early 1960s.

In 1960, gas lasers and optically pumped solid 
lasers stimulated research into the possibility of 
a semiconductor junction '.iscr. The Jiscovcry in 
1961 and 1962 that the cruoiency of recombina
tion radiation was very high in gallium arsenide 
focused attention on this compound as a potential 
laser material. In gallium arsenide, most of the 
electrons emit a photon during the recombination 
energy as heat through some nonradiative process.

Laser action is observed when large forward 
currents are applied to special gallium arsenide 
diodes maintained at very low (cryogenic) temper
atures. The start of laser action occurs at a definite 
current threshold, indicating that a population in
version is involved. These observations confirm 
the existence of this new type of laser, the injec
tion laser.

Figure 11-22 shows the experimental setup re
quired to observe injection laser operation. Pulses 
of high current density are passed through the 
diode while it is immersed in liquid nitrogen. The 
light which emerges from the plane of the junction 
is usually in the near infrared region and may 
only be viewed indirectly through an infrared 
image converter (also called a “snooper-scope*’) . 
Alternately, by passing the light through a spec
trometer (an optical frequency analyzer), the spec
trum of the emitter radiation may be determined.

Figure 11-22. Experimental Setup for Observing 
Injection Loser
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This spectrum shows a marked peaking coincident 
with the onset of laser action. To understand the 
operation of the injection laser, you should take 
note of the close analogy between the band struc
ture diagram, familiar to those who work with 
semiconductors, and the energy level diagram 
which represents the behavior of the atoms.

Of particular interest is the fact that recombina
tion of an electron-hole pair at a semiconductor 
junction is frequently accompanied by the emis
sion of a photon. The photon's energy may be 
expressed as E =  hf =  AEc, where A Eo is the 
energy band gap. The energy gap is the difference 
in energy between the lowest level of the conduc
tion band, and the highest level in the valence 
band.

At normal temperatures, recombination of car
riers (conduction electrons and holes) may occur 
without any radiation. These recombinations oc
cur at sites where the periodic crystal structure 
is disturbed by the presence of impurities and 
defects in the crystal. Such sites arc called traps. 
The lifetime of an electron in the semiconduction 
band is strongly limited by the traps. For this 
reason, the conduction band is generally un
suitable as the metastable state, which is so crucial 
in obtaining population inversion.

When the temperature of the diode is lowered, 
the effectiveness of the traps is reduced, and life
times are considerably extended. In certain semi
conductors at extremely low temperatures, the 
radiative process dominates recombination. Under 
this condition, the situation is analogous to laser 
transition levels in the ruby crystal. In order to 
pump when this method is used, a region must be 
created in which conduction electrons and holes 
abound. The most elementary considerations show 
that this exists in the immediate neighborhood of 
the junction when a forward bias is applied. At 
extremely low temperatures and sufficiently strong 
forward bias, the region of the junction should be 
an amplifier for radiation satisfying hf =  AEg. 
By cleaving and polishing the diode into a rec
tangle with faces perpendicular to the plane of the 
junction, a resonant cavity is formed, and oscilla
tion can be observed.

The overall efficiency of the diode laser is 10 
to 30 percent. The junction region is necessarily 
quite small, and the total power which may be 
radiated is limited. Because the conduction and

valence bands arc considerably broader than the 
discrete atomic energy levels, the emission con
tains a comparatively broad band of frequencies. 
These facts tend to offset the obvious advantages 
gained by the ability to pump the diode laser di
rectly with wide electrical energy, and in being 
able to modulate the output at high frequencies 
(about 1000 MHz) by modulating the pumping 
current.

LASER PUMPING

Pumping action of the different types of lasers 
is accomplished by several different methods, de
pending on the type of laser.

Operation of a gas laser (pumped by electron 
collision) requires a means of creating an elec
trical discharge in a tube containing low-pressure 
gas. This is done by either one of two methods, 
RF or DC pumping. In one case of RF pumping, 
an RF generator, capable of supplying 50 to 100 
watts of power, is used. This supply is coupled to 
an electrode, or electrodes, spaced around the out
side of the gas-filled tube. Coupling is provided 
by a matching coil specially designed for. maxi
mum power transfer to the electrodes (see figure 
11-23). For an approximately 1-mw output laser 
(typical helium-neon operation), pumping power 
levels run from 20 to 50 watts at about 30 MHz.

Alternately, the discharge may be maintained 
by supplying a sufficiently high DC field between 
electrodes contained in the laser tube. Healing 
the cathode with a filament supplies electrons for 
the collision process. The necessary potential de
pends on the separation between the electrodes 
and the tube diameter. A potential drop of 4 
kilovolts is typical in a laser tube 4 mm in diam
eter .md 1 meter long.

Pumping a solid laser rod, such as ruby, is ac
complished optically. To obtain sufficient light 
power for inversion, it is usually necessary to fire 
a high-power xenon-filled fiash tube. The Hash 
tube is optically coupled by mirror geometry to 
the laser rod. Operation of the fiash tube is similar 
to that of a thyrairon. A high-voltage trigger 
breaks down the xenon gas between two electrodes 
which have been maintained at different poten
tials. Upon breakdown, the lamp resistance drops 
to a low value of l ohm, and high peak currents 
flow.
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The magnitude and duration of these currents 
depend upon the capacity and voltage of the sup
ply; that is, the peak current is IP =  V /R  and the 
duration, T, is equal to RC where V is the supply 
voltage, C is the capacitance, and R is the resis
tance of the flash tube. Flash tubes are generally 
rated in maximum watt-seconds (or joules) per 
current pulse. Typically, these values are quite 
high. For example, 250 watt-seconds are necessary 
for a small ruby laser, and up to 12,000 watt- 
seconds may be needed for a large ruby laser. Con
siderable energy must therefore be stored in large 
capacitor banks before discharge. The large values 
of stored energy at high voltages make safety an 
important consideration in handling the power 
supplies for even small ruby lasers. Figure 11-24 
shows a typical power-supply schematic for a 
small ruby laser.

Operation of the injection laser on a pulsed 
basis (typical usage) is similar in many respects to 
bring a flash lamp. High peak currents of 70 am
peres are necessary to create inversion, and the 
forward resistance of the diode is considerably 
less than l ohm. There is no provision for trig
gering the current. A transistor or a silicon-con
trolled rectifier (SCR) must be placed in series 
with the diode. Direct modulation of forward cur
rent, and hence laser output, may be applied by 
coupling via a tee from an RF generator to the 
pumping supply. Modulation rates of up to 1000 
MHz are possible in this manner,

LASER MODULATION AND DEMODULATION
Since the methods used for modulation and de

modulation are dilferent than those used for con
ventional electronic systems, a brief description 
is provided in the following paragraphs.

Modulation
The laser, by virtue of its coherence proper

ties, has offered communications systems the 
possibility of using carrier frequencies of f0u  to 
1015 Hertz for communication. The significance of 
this contribution is established by communica
tion theory, in which it has been shown that the 
information capacity of a communications chan
nel is proportional to its bandwidth. The modula
tion capabilities of a carrier wave are proportional 
to its center frequency.

Theoretically it is possible to modulate a 100- 
MHz carrier with approximately 200 20-KHz 
audio channels without overlapping. A laser 
channel at a center frequency of 10,a Hertz will 
permit 10 million times that number. A single 
laser is therefore capable of simultaneously emit
ting 30 billion 20-KHz audio channels. To de
velop the laser to its full potential as a communi
cations carrier, means of coherent modulation 
and demodulation which are compatible with the 
tremendous allowable bandwidth must be pro
vided.

Although the energy levels appearing on the 
energy level diagram for an atom are quite well 
defined and narrow, the stimulated emission is 
not strictly monochromatic. The spreading of the 
spectrum of radiation is due to several causes, 
the most significant of which is simple Doppler 
shifting. This phenomenon is essentially the same
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Figure M-24, Ruby Laser Pumped with Xenon F/osh Tube

as that encountered in sound waves. The motion 
of the source relative to the receiver causes a shift 
in the received frequency proportional to the rela
tive velocity. The atoms in a gaseous discharge 
have random velocities because of their thermal 
motions, which may be as high as 10* cm/sec. 
These random velocities shift the emission and 
absorption frequencies of the atom over a 100- 
MHz frequency band.

The cavity modes for the laser oscillator are 
quite closely spaced because the cavity is many 
times larger than the wavelength. Frequency sepa
ration, f, for two adjacent axial modes in a long, 
narrow cavity of length, L, is given by f =  C/2L, 
where C is the velocity of light. For L =  1 meter, 
the frequency spacing between adjacent modes is 
150 MHz. The spacing between resonant fre
quencies is then much narrower than the spread

of frequencies caused by the Doppler shift. The 
result is that the laser oscillator output consists 
of several frequencies spaced in accordance with 
cavity geometry.

The width of cavity resonances, as in micro- 
waves, is determined by the cavity Q. Cavity Q 
refers to the fraction of energy lost per cycle. 
The frequency spread resulting from these losses 
is f«i/Q, where fo is the center frequency. Because 
the gain of a laser amplifier (expressed in percent/ 
meter) is quite low (generally smaller than 1 per
cent), cavity losses must be proportionally small 
to achieve oscillation (gain smaller than 1). There
fore, the Q is made high, and the frequency spread 
of the cavity resonances is consequently small as 
compared to the space between them. There arc 
also off-axis resonant modes of the cavity witli 
sufficient gain to cause oscillation.
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Figure 11-25. Spac/rum of Oscilfafing Hoiium-Neon loser

Figure 11-25 shows the typical spectrum of a 
helium-neon laser. Note that although the indi
vidual oscillator resonances are narrow, the laser 
oscillator is operating at several frequencies si
multaneously. To achieve a single oscillator fre
quency, the output must be passed through a nar
row bandpass optical filter. This is done by cou
pling to another high-Q cavity of a different 
length, which is resonant for one of the oscillator 
outputs. Since the lengths are different, the spac
ing between resonant modes is different, and the 
second cavity eliminates the other modes. The 
laser output, after passing through the narrow- 
band filter, contains only a single frequency.

Applying this laser output to communications 
requires a means of wide-band modulation and 
demodulation. Direct modulation of the pumping 
source (flash lamp or gas discharge) in gaseous 
or solid lasers, which is limited by thermal inertia 
to a few kHz is obviously insufficient. Other tech
niques to be considered can be divided into two 
groups. These are internal modulations in which 
the modulation is impressed upon an element of 
the feedback loop, and external modulations in 
which the modulation is impressed directly upon 
the oscillator (light-beam) output.

Various potential wide-band modulation 
schemes have been proposed, several of which 
have been successful over several GHz. The fol
lowing paragraphs consider only amplitude modu
lation by means of varying the oscillator cavity 
length.

To obtain a fast shutter which may be directly 
operated by a voltage, a Kerr cell can be used. A 
Kerr ceil consists of a special clear liquid (for

example, nitrobenzene) between two electrodes. 
When voltage is applied to the electrodes, the 
liquid acts to rotate the plane of polarization of 
light passing through it. The amount of rotation is 
proportional to the length of the cell and the 
square of the applied voltage. By modulating the 
voltage across the two electrodes, a linearly polar
ized beam will become polarization-modulated. To 
convert polarization modulation to amplitude 
modulation, the light is passed through a polarizer. 
The transmission, T, of a linear polarizer for 
linearly polarized light is simply T  =  Tdcos2#, 
where $ ~  the angle between directions of polar
ization, and To is the transmission when they are 
perfectly aligned.

Figure 11-26 shows the. operation of a Kerr 
cell with a laser transmitter. Modulation by this 
means is limited to a few MHz by the time con
stant of the Kerr cell itself. To achieve higher 
modulation frequencies, the interaction distance 
must be increased by forming a transmission line 
imbedded in a time-varying dielectric, where the 
Kerr cell liquid acts as the dielectric.

Frequency modulation of the laser output may 
be accomplished by changing the cavity length, 
thereby varying the frequency of the resonant 
modes. For a helium-neon laser, a change of 
cavity length of onc-half wavelength (to the next 
resonant mode) corresponds to a frequency shift 
of 150 MHz. A half wavelength for a helium-neon 
laser is only 3 x 1(H cm. The change of length 
necessary for wide-band modulation is, therefore, 
quite small. Such small displacements may be 
conveniently provided by a piezoelectric material,

A piezoelectric material, such as quartz, is a
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AMPllTUDE MODULATED OUTPUT

material which contracts and expands along -a 
dimension perpendicular to the direction of an 
applied voltage. If the applied voltage is a vary
ing voltage, and one face of a thin slab of piezo
electric material is secured firmly to a stationary 
object, the exposed surface will undergo a vibra
tion. This vibration can be transferred to a varia
tion in cavity length by. mounting one of the 
cavity mirrors on this surface. The motion of the 
mirror modulates the cavity resonance, and thus 
frequency-modulates the laser output. This method 
of modulation is suitable up to modulation rates 
of 1 MHz at which point the inertia of the minor 
becomes the limiting factor. It is not practicable 
to consider the extension of such a method to a 
very high frequency, since the range of modula
tion is limited by the Doppler width of emission 
line.

To detect coherently a modulated carrier, the 
received signal must be compared to a local- 
oscillator signal in a nonlinear element (mixer). 
Id the case of a laser communications link, the 
local oscillator is provided by a second laser at 
the receiver, operating at the same wavelength as 
the transmitter. The nonlinear element may be 
any material with nonlinear response at the car
rier wavelength. It may be the surface of an 
ordinary photodetector. All photodetectors are es
sentially square-law devices; that is, the voltage 
developed is proportional to the intensity of light 
at the sensitive surface, which, in turn, is propor
tional to the square of the electric field.

If the two inputs are mixed at the sensitive 
surface, the resultant response contains a term 
whose amplitude is proportional to the product

of (he local oscillator signal and incoming signal 
strength. The frequency is equal to the difference 
in frequency between the output of the local'oscil
lator and the signal. By frequency-locking the 
local oscillator to the transmitter, the carrier is 
suppressed and the information (AM or FM) ap
pears directly as voltage at the terminals of the 
detector.

Note that the signal band-widths concerned 
must exceed 1000 MHz effective use of the laser 
carrier frequency. This places a requirement on 
the frequency response of the photodetector which 
can be met only by means of specialized con
struction of the detector element.

Mlcrowav* Modulation of a Gallium Arsenide 
Injection laser

Gallium arsenide (GaAs) has a minority carrier 
recombination lifetime on the order of 10 ® sec. 
Since the radiative recombination lifetime de
creases in the stimulated emission mode, it is 
theoretically possible to modulate gallium-arsenide 
lasers at the microwave frequencies.

A block diagram of the modulation and de
modulation arrangement is shown in figure 11-27. 
A 0.1-jusec, 12.5-ampere video pulse is used to 
drive the gallium-arsenide diode into the laser 
action mode. A 1-mw CW signal from the micro- 
wave generator is gated by the microwave modu
lator to produce 0.1-/xsec pulses synchronized 
with the video pulses. The microwave pulses arc 
amplified in the traveling-wave tube to a peak 
level of 1 watt, and added to the video pulses in 
the DC monitor tee. The sum is fed to the laser 
mounting termination.

11-27



AFM 32-31 1 July 1972

The termination is shown in figure 11-28, A 
50-ohm carbon composition resistor is used as a 
series resistive match. The laser diode is pressed 
between the resistor end cap and the copper 
cooling block, which is immersed in liquid nitro
gen. The spring loading maintains constant con
tact pressure under thermal contraction of the

diode. The laser light beam is emitted through the 
hole in the outer conductor.

The laser is constructed in the low-inductance 
pill configuration shown in figure 11-29. The 
crystal is made by diffusing zinc into tellurium- 
doped gallium arsenide with a net impurity con
centration of 3 x lO-'Vcm3. The crystal is cleaved
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Figure T1 -28. Termination for Microwave Modulation
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material which contracts and expands along a 
dimension perpendicular to the direction of an 
applied voltage. If the applied voltage is a vary
ing voltage, and one face of a thin slab of piezo
electric material is secured firmly to a stationary 
object, the exposed surface will undergo a vibra
tion. This vibration can be transferred to a varia
tion in cavity length by. mounting one of the 
cavity mirrors on this surface. The motion of the 
mirror modulates the cavity resonance, and thus 
frequency-modulates the laser output. This method 
of modulation is suitable up to modulation rates 
of 1 MHz at which point the inertia of the mirror 
becomes the limiting factor. It is not practicable 
to consider the extension of such a method to a 
very high frequency, since the range of modula
tion is limited by the Doppler width of emission 
line.

To detect coherently a modulated carrier, the 
received signal must be compared to a local- 
oscillator signal in a nonlinear element (mixer). 
In the case of a laser communications link, the 
local oscillator is provided by a second laser at 
the receiver, operating at the same wavelength as 
the transmitter. The nonlinear element may be 
any material with nonlinear response at the car
rier wavelength. It may be the surface of an 
ordinary photodetector. All photodetectors are es
sentially square-law devices; that is, the voltage 
developed is proportional to the intensity of light 
at the sensitive surface, which, in turn, is propor
tional to the square of the electric field.

If the two inputs are mixed at the sensitive 
surface, the resultant response contains a term 
whose amplitude is proportional to the product

of the local oscillator signal and incoming signal 
strength. The frequency is equal to the dillerencc 
in frequency between the output of the local oscil
lator and the signal. By frequency-locking the 
local oscillator to the transmitter, the carrier is 
suppressed and the information (AM or FM) ap
pears directly as voltage at the terminals of the 
detector.

Note that the signal band-widths concerned 
must exceed 1000 MHz effective use of the laser 
carrier frequency. This places a requirement on 
the frequency response of the pholodetector which 
can be met only by means of specialized con
struction of the detector element.

Microwave Modulation of a Gallium Arsenide 
Injection Laser

Gallium arsenide (GaAs) has a minority carrier 
recombination lifetime on the order of I0"fl sec. 
Since the radiative recombination lifetime de
creases in the stimulated emission mode, it is 
theoretically possible to modulate gallium-arsenide 
lasers at the microwave frequencies.

A block diagram of the modulation and de
modulation arrangement is shown in figure 11-27. 
A 0.1-/xsec, 12.5-ampere video pulse is used to 
drive the gallium-arsenide diode into the laser 
action mode. A 1-mw CW signal from the micro
wave generator is gated by the microwave modu
lator to produce 0.1-/isec pulses synchronized 
with the video pulses. The microwave pulses are 
amplified in the traveling-wave tube to a peak 
level of 1 watt, and added to the video pulses in 
the DC monitor tee. The sum is fed to the laser 
mounting termination.
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The termination is shown in figure 11-28, A 
50-ohm carbon composition resistor is used as a 
series resistive match. The laser diode is pressed 
between the resistor end cap and the copper 
cooling block, which is immersed in liquid nitro
gen. The spring loading maintains constant con
tact pressure under thermal contraction of the

diode. The laser light beam is emitted through the 
hole in the outer conductor.

The laser is constructed in the low-inductance 
pill configuration shown in figure 11-29. The 
crystal is made by diffusing zinc into tellurium- 
doped gallium arsenide with a net impurity con
centration of 3 x lO-'Vcm3. The crystal is cleaved

3 0 -O H M  
R O D  RESISTOR

FEMALE TYPE N

LIGHT
E M IS S IO N

HOLE DIOOE P O S IT IO N IN G  
THREAD

RESISTOR EN D  
CAP

PILL PKG  LASER OUTER
C O N D U C T O R  SLIDE

SP R IN G  A D JU ST IN G  SCREW

SP R IN G  HOLDER

CO PPO R  D IO D E  
C O O L IN G  BLOCK

Figure T1 -28. Termination for Microwave Modulation

17-28



1 July 1972 AFM 52*31

AMPLITUDE MODULATED OUTPUT

material which contracts and expands along a 
dimension perpendicular to the direction of an 
applied voltage. If the applied voltage is a vary
ing voltage, and one face of a thin slab of piezo
electric material is secured firmly to a stationary 
object, the exposed surface will undergo a vibra
tion. This vibration can be transferred to a varia
tion in cavity length by. mounting one of the 
cavity mirrors on this surface. The motion of the 
mirror modulates the cavity resonance, and thus 
frequency-modulates the laser output. This method 
of modulation is suitable up to modulation rates 
of 1 MHz at which point the inertia of the mirror 
becomes the limiting factor. It is not practicable 
to consider the extension of such a method to a 
very high frequency, since the range of modula
tion is limited by the Doppler width of emission 
line.

To detect coherently a modulated carrier, the 
received signal must be compared to a local- 
oscillator signal in a nonlinear element (mixer). 
In the case of a laser communications link, the 
local oscillator is provided by a second laser at 
the receiver, operating at the same wavelength as 
the transmitter. The nonlinear element may be 
any material with nonlinear response at the car
rier wavelength. It may be the surface of an 
ordinary photodetector. All photodetectors are es
sentially square-law devices; that is, the voltage 
developed is proportional to the intensity of light 
at the sensitive surface, which, in turn, is propor
tional to the square of the electric field.

If the two inputs are mixed at the sensitive 
surface, the resultant response contains a term 
whose amplitude is proportional to the product

of the local oscillator signal and incoming signal 
strength. The frequency is equal to the dillerencc 
in frequency between the output of the local oscil
lator and the signal. By frequency-locking the 
local oscillator to the transmitter, the carrier is 
suppressed and the information (AM or FM) ap
pears directly as voltage at the terminals of the 
detector.

Note that the signal band-widths concerned 
must exceed 1000 MHz effective use of the laser 
carrier frequency. This places a requirement on 
the frequency response of the pholodetector which 
can be met only by means of specialized con
struction of the detector element.

Microwave Modulation of a Gallium Arsenide 
Injection Laser

Gallium arsenide (GaAs) has a minority carrier 
recombination lifetime on the order of I0"fl sec. 
Since the radiative recombination lifetime de
creases in the stimulated emission mode, it is 
theoretically possible to modulate gallium-arsenide 
lasers at the microwave frequencies.

A block diagram of the modulation and de
modulation arrangement is shown in figure 11-27. 
A 0.1-/xsec, 12.5-ampere video pulse is used to 
drive the gallium-arsenide diode into the laser 
action mode. A 1-mw CW signal from the micro
wave generator is gated by the microwave modu
lator to produce 0.1-/isec pulses synchronized 
with the video pulses. The microwave pulses are 
amplified in the traveling-wave tube to a peak 
level of 1 watt, and added to the video pulses in 
the DC monitor tee. The sum is fed to the laser 
mounting termination.
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The termination is shown in figure 11-23. A 
50-ohm carbon composition resistor is used as a 
series resistive match. The laser diode is pressed 
between the resistor end cap and the copper 
cooling block, which is immersed in liquid nitro
gen. The spring loading maintains constant con
tact pressure under thermal contraction of the

diode. The laser light beam is emitted through the 
hole in the outer conductor.

The laser is constructed in the low-inductance 
pill configuration shown in figure 11-29. The 
crystal is made by diffusing zinc into tellurium- 
doped gallium arsenide with a net impurity con
centration of 3 x tCH’/em 3. The crystal is cleaved
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Ftgurti 11-29. Pill Loser Diode Configuration

along the (110) plane. The junction area is 
2x  ICH/cm2, and the laser action threshold for 
this particular laser is 10.5 amperes (5.25 x 103 
amperes/cm2).

Demodulation

Demodulation can be accomplished with a 
microwave traveling-wave phototube with a photo 
surface. The laser beam is focused on the photo
cathode. The detected microwave signal is fed 
to a microwave superheterodyne receiver. Figure 
11-30 shows the waveform of the., detected 2 GH* 
signal at the receiver IF and video stages. This 
waveform disappears when the laser beam is 
blocked or when the local oscillator is detuned. 
The laser output radiation is modulated with a 
modulation index of about 7 percent and produces 
a peak photocathode current of O.Sfta. The de
tected microwave signal level is -73 dbm. The

phototube calibration data indicate that this is the 
obtainable output power for a cathode current of 
0.5/aa and a 7 percent modulation index.

LASER RADAR

Although still in the early stages of develop
ment, optical radar already provides a coherent 
light beam 100 times narrower than beams of 
ordinary microwave radar equipment. Radar pic
tures made with laser radar are exceptionally 
sharp, revealing far more detail than previously 
obtainable. For example, an optical radar demon
strated recently can distinguish between two ad
jacent 10-foot objects at five miles. Enhanced 
resolution is obtained with equipment of small 
size and light weight, because light waves can 
readily be focused by lens-and-mirror arrange
ments. Compare this with ordinary radar micro- 
waves that require immense antennas to focus the 
radio energy into comparably narrow beams.

Laser radars should be especially valuable for 
use in space, where size and weight are critical, 
but where there is no absorption or scattering of 
light rays by rain, clouds, or by the atmosphere 
itself. It follows that in many space applications, 
stray sunlight, which might overwhelm the light 
pulse detected by the laser radar receiver, can 
be avoided. With the exceptionally narrow light 
beam practical with laser methods now, it will 
soon be entirely feasible to illuminate a spot only 
10 miles in diameter on the moonTs surface. 
Far more accurate mappings of lunar topography 
is not far away from actuality.
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Figure 71-30. Demodulated Waveform

Principles of Operation
For radar operation, a short burst of red light 

from the laser is aimed or directed at a target to 
be detected. Light reflected back from the target 
is gathered by a telescope and detected by a light- 
sensitive phototube. Distance to the target is de
termined by measuring the time required for the 
light burst to make the round trip. Elements of 
this method are shown in the block diagram of 
figure 11-31. The electrical signal resulting from 
the light pulse returned to the receiver is displayed 
on a cathode-ray oscilloscope. Time delay for dis
tance measurement is obtained by comparing the 
received signal with a sample of the transmitted 
light burst as monitored by a reference phototube.
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Figure If '31. Block Diagram of Lasor Radar S*f

Figure .11-32 illustrates the experimental laser 
receiver.

The key element of the new optical radar is the 
ruby-laser light source, sometimes called an opti
cal maser. The ruby crystal is made the driver by 
a Hash of white light from a powerful xenon flash 
tube similar to those used in a type of electronic 
photoflash gun. When illuminated or irradiated in 
this way. the ruby produces an intense burst of 
pure-red light in an extremely narrow beam.

Although lasers eventually should provide 
beams as narrow as 0.004 degree without the aid

of lenses, the laser used in the experiments emitted 
a 0.7-degree beam because of inherent imperfec
tions in the ruby crystal. To reduce the beam- 
width further, a telescope with a 6-inch mirror 
was employed and provided a forty-fold improve
ment. Use of the telescope resulted in a 0.023- 
degree beam. When this equipment was directed 
at a building VA  miles distant, the spot from the 
beam of light was only 7 feet in diameter.

. The present laser transmitter operates with 
peak powers up to several kilowatts at a wave
length of 6943 Angstroms, or 0.00006943 centi-
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meter. The laser output is extremely monochro
matic; that is, composed of one color or hue. All 
of the output energy is concentrated in a 0.1-Ang
strom-wide spectral band at the wavelength men
tioned, thus permitting a narrow spectral (ilter to 
be used at the receiver.

For ideal microwave radar performance, the 
transmitter output should be composed of a single 
short pulse. The pulse preferably should last for 
a few microseconds, or a few millionths of a 
second.

One of the principal components of the laser 
ranging equipment is the receiver. Here light is 
gathered by another telescope, with a 5-inch lens. 
The larger the diameter of the telescope, the more 
sensitive the receiver. Light entering the telescope 
is first passed through a red filter which does not 
impede the 6943-Angstrom radiation from the 
laser, but which does reject 99.9 percent of the 
light from all other ordinary sources, such as sun
light, light from incandescent lamps, etc. Light 
passing through the filter is then directed at a 
very sensitive phototube where it is converted 
into an electrical signal for display on the oscil
loscope. A photomultiplier-type of phototube pro
vides a very sensitive detector.

Rough calculations indicate that only two or 
three orders of magnitude improvement in the 
system would be required to obtain detectable 
pulses from the surface of the moon. Refinements 
already well under way include high power lasers 
operating with short bursts (to reduce problems 
from back-scatter from dust and water panicles 
in the air), more sensitive receivers, and improved 
optical system?.

Noise Effects
As with any radar system; the basic limitation 

in performance that can be achieved by the laser 
radar is determined by the noise level through 
which the signal must be detected. Three types of 
noise affect the system. These arc internal or re
ceiver noise, external noise caused by unwanted 
light entering the receiver through the red filter, 
and fluctuation or shot noise in the signal itself.

Receiver noise is caused by. dark current (cur
rent flowing in the absence of any light) in the 
phqtotube. This current is produced by the therm
ionic emission from the sensitive photosurface 
and can be essentially eliminated through refrig

eration of the photocell. Dark-current noise at 
room temperature is low enough to be neglected 
with present-duy systems.

Secondly, for daytime operation on the earth's 
surface, that part of the scattered sunlight which 
can pass through the red filter imposes the limiting 
noise for the equipment. This has been reduced 
by using a 155-Angstrom interference-type filter. 
Moreover, similar tillers with spectral bandwidths 
as narrow as I Angstrom are feasible today.

The third type of noise comes from signal fluc
tuation— a new kind of noise not encountered in 
ordinary radio— which would still be an ultimate 
limitation for a laser radar even if the other two 
sources were completely eliminated. Fundamental 
in nature, it is caused by the random rate of ar
rival of the light photons (basic unit of light en
ergy) which make up the received signal. Noise 
of this kind can be understood in a qualitative 
way by recognizing that at least one photon must 
be detected at the receiver during the time inter
val when a signal is expected. It represents an 
ultimate minimum detectable signal power, and 
is likely the phenomenon which will be the work
ing limitation for some of the optical methods of 
the future.

T y p i c a l  G a t a o u i  L a i a r  R a d a r

This device combines a gas-laser light source 
with a scanning principle used in the early days of 
television. The laser radar can scan targets angu
larly and produce a C-type oscilloscope display, 
resembling a television image. The primary ad
vantage of a laser light source over conventional 
incoherent sources is the higher resolution, to 
gether with higher energy density available at the 
target. The narrow optical bandwidth enables sup
pression of ambient light, thus improving the 
noise level.

The present experimental stage of development 
includes a helium-neon laser. As shown in figure 
11-33, the beam is reflected successively by two 
rotating mirrors which give it a scanning ability 
in the x and y directions, and the mirrors then 
focus the beam onto the target. The reflected light 
is picked up from the target by a multiplier pho
totube, amplified, and displayed on a cothode-ray 
oscilloscope. Two oscillators provide the x and y 
scanning signals for both the rotating mirrors and 
for the CRT display.
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The transmitter laser ;s an unmodulated he
lium-aeon laser. radiating at 6238 Angstroms, 
providing a CW output of under l milliwatt. The 
beam is taken from a smail circular spot on the 
plane mirror of die laser 'operating in the hemi
spherical configuration), and focused by a lens to 
comerge on the target. The beam diameter at the 
lens is 1 mm. narrow encugh to be completely 
intercepted by the small beam-deflecting mirrors 
which measure. * x 4.S mn. Spot size at the target 
is ate lit 2 mm.

Each mirror is mounted on a galvanometer ele
ment. giving an angular displacement of =  1 de
gree it 500 Hertz. The two mirrors are oriented 
so that the laser beam scans horizontally because 
of the motion of mirror x. and vertically because 
of the motion of mirror v. Each mirror is driven 
by its own sine-wave generator; consequently, the

beim traces out on the target a Lissajous figure 
.:rcropriatc to the two movements.

The deflated beam is bounced olT a variety of 
tirgets. including a photograph and an electric 
rr.ctor. at a distance of about 2 meters giving a 
tircet area of 50 cm-.

After reflection from the target, the beam is 
n-tered by a 6238-Angstrom interference filter to 
suppress ambient light. The horizontal and vertical 
sweeps for the oscilloscopic display are supplied 
by the same oscillators used for deflecting the 
mirrors, with a phase shifter in each line to com
pensate for the mechanical lag of each galvanom
eter movement.

As the laser beam scans the target, the back- 
scattered light becomes intensity-modulated, de
pending on the average reflectivity of the particu
lar target spot. After collection and amplification, 
this signal is used to intensily-modulate the z-axis 
of the oscilloscope.

Both oscillators run at about 500 Hertz, but, 
because their outputs are sinusoidal rather than 
linear, they provide nonuniform illumination of 
the target. Range contrast is limited by multiplier 
phototube saturation, and possibly by nonlinear 
response of the oscilloscope's P20 phosphor to 
variations in beam intensity. .

IASER GYROSCOPE

Counter-rotating coherent light beams using a 
newly developed technique provide sensing of ro
tation rate with respect to an inertial frame of 
reference. The light beams are produced in a 
traveling-wave laser that forms a closed circuit. 
Called a ring laser, the device holds promise for 
inertial guidance methods that would be more 
stable, have less drift, be simpler, cheaper to pro
duce. and be more sensitive than present methods 
using gyros.

If the ring laser were to be mounted in a space 
vehicle that is not rotating relative to the stars, 
the photodetector would see no difference in fre
quency between the two light beams. Even the 
tiniest rotation of the vehicle would cause one 
beam to travel slightly farther than the other 
around the ring. The frequency of the two beams 
would then vary slightly, and the difference would 
be proportional to the rate of rotation. Measure
ment of the rate could then be used to redirect
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11-32



1 July 1972 AFM 52-31

the attitude of the vehicle to maintain its correct 
llight path. The angular displacement of the ve
hicle, or how far it has moved from its correct 
flight path, would also be measured by the ring 
laser.

Development of the ring laser has roots in opti
cal experiments conducted a half-century ago. 
In 1914, the French physicist, G. Sagnac, used a 
ring configuration approximately one meter square

to form an inicrt'urometer (see figure 11-34). His 
device has poor sensitivity, and was barely able to 
detect a rotation rate even as fast as 43,000 de
grees per minute. His interferometer formed 
fringes, and he discovered that the fringes shifted 
slightly sideways when the loop was rotated.

In 1925. two American experimenters set up 
a loop that had better sensitivity, but was physi
cally huge. (See figure 11-35.) The loop, employ
ing light-tight, evacuated pipes, measured two- 
fifths by one-fifth of a mile. The two experimen
ters were able to detect the rotation of the earth, 
approximately one-sixth of a degree per minute, 
by observing the fringe shifts which were pro
portional to the rotation of the earth. The loop 
was stationary on the surface of the earth and 
could not be speeded up or slowed down. To ob
tain an independent reference of fringe shift, the 
physicists set up a smaller loop inside the larger 
loop, and compared the magnitude of the two 
fringe shifts with the areas of the two loops to 
show that the constant proportionality was caused 
by the earth’s rotation.

The ring laser consists of four helium-neon 
gas tubes, each about three feet long. These arc 
positioned to form a square, with Brewster angle 
windows and four external-corner mirrors. The 
square ring composes the cavity of the laser so 
that light beams traveling around the circumfer-
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once oscillate independently of each other. Their 
frequencies are determined by the length of the 
paths they travel.

When the ring (or its mounting) is rotated 
slightly, one light beam travels a slightly greater 
distance than the actual circumference to close 
on itself; the frequency of this beam is lowered. 
The opposite beam must travel a slightly shorter 
distance, so its frequency is raised. The two beams 
are mixed by optical heterodyning in a silver- 
ecsium-oxide photodetector. The resultant beat 
frequency is proportional to the rotation rate of 
the ring.

Output of the photodetector can be integrated 
by circuitry that clips the sine waves, differen
tiates them, and then counts cycles. Thus rate out
put is a measure of angular displacement, ac
curate to within 0.015 degree.

The equipment illustrated in figure 11-36 uses 
a meter-square ring,laser oscillating at the hclium- 
ncon 1.153-micron wavelength. Excitation of the 
gas is accomplished by 27-MHz, RF energy. Beat 
frequencies ranging from 500 Hz to better than 
150 kHz were observed in the first experiments, 
with corresponding rotation rates of 2 degrees 
per minute to 600 degrees per minute. These are 
not the physical limits of the sensing effect, but

are the limits set by equipment and techniques in 
the first demonstration setup.

Ultimate limits of sensitivity have not yet been 
determined, but developers are working to bring 
the 500-Hz sensitivity down as close to zero Hz, 
or as near zero drift as possible. The range of 
sensitivity is adjustable by varying the size and 
form of the ring.

The beat frequency for a square ring A f = 
ft L/A, where ft is the angular velocity of rotation, 
L is the ring perimeter, and A is the wavelength. 
Maximum sensitivity is obtained when the axis 
of rotation of the sensor is perpendicular to the 
plane of rotation of the ring.

Present self-contained rotation sensors are gyro
scopic, and depend on conservation of the angular 
momentum of a rotating mass. This mass is sub
ject to acceleration and gravitational forces. The 
laser rotation-rate sensor is free of these mass ef
fects. It is a motionless strapped-down unit that 
requires neither bearings nor other mechanical 
moving parts. The simple construction of. the 
sensor promises a low unit cost on a production 
basis.

Since the output of the ring laser sensing unit 
is basically digital, rather than analog like the out
put of a gyroscope, instrumentation is simple. The

11-34



beat frequency can easily be dipped, dilferen- 
tiated, and counted. Instantaneous readout of both 
angular velocity in Hz and angular displacement 
in total cycles is available. The output is much 
more adaptable to instantaneous readout than the 
angular-shaft rotation output of a gyroscope.

LASER SAFETY HAZARDS

The introduction and ever increasing use of 
laser equipment has brought with it a number of 
new and hidden dangers not previously recog
nized, Information on these dangers to health must 
be disseminated to all personnel associated with 
laser equipment.

Biological Effects of Loser Radiation

The body organ most sensitive to radiation is 
the eye. The ability of the eye to refract the near 
ultra-violet, visible, and near infra-red radiation 
is the most important physiological characteristic 
contributing to the laser hazard. The energy den
sity of the radiation incident on the cornea may 
be increased by as much as several hundred thou
sand times at the retina by the focusing power of 
the eye. This can cause a major cataract hazard. 
If one looks directly into a laser beam, eyesight 
could be permanently destroyed.

Organs lying close to the skin are also suscep
tible to damage by laser radiation. Needless ex
posure of the skin to laser radiation should be 
avoided regardless of power density or energy 
density levels.

Protective Equipment

Protective equipment should provide a safe en
vironment for personnel with minimum interfer
ence to the accomplishment of the mission. Each 
particular laser system will require personnel pro
tection specifically correlated to the operational 
parameters of the system.

Current laser filters are designed to filter a nar
row band of wavelengths and usually offer pro
tection for only one laser system.

Eye Protection, Filters can be worn in spec
tacle frames, goggles, and visors. They can also 
be fitted in windows and viewing ports. The appli
cation will dictate the weight and thickness of 
filter allowable. Four-millimeter-thick glass is gen
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erally considered maximum for most goggle 
applications.

All protective eye wear should be identified 
with the laser wavelength for which it is intended 
to be used, the optical density of that wavelength, 
and the visible light transmission.

Skin Protection, Should skin protection be 
required, heavy white cloth, such as a standard 
laboratory smock, reduces the exposure by at 
least a factor of 100 over the spectrum from the 
near infrared to the near ultra-violet. Gloves 
should be used to protect hands. Shielding and 
complete enclosure of the beam is preferable to 
personal protective devices and should be accom
plished whenever possible.

Medical Surveillance Program
The medical service is responsible for the initial 

and periodic physical examination of military and 
federal civilian employees who work within or 
approach nearer than the SEED (safe eye exposure 
distance) of an operating laser system.

General Safely Precaution!
There are some hazards common to all laser 

systems and other hazards that are specific to 
certain types.

Eye E xposure. D o not look into primary laser 
beams or at specular reflections. Special precau
tions should be taken to avoid accidental viewing 
of direct beams or specular reflections when power 
or energy densities exceed the PEL (permissible 
exposure level).

Beam T ermination. Laser beams should be 
properly terminated by suitable targets or back
stops that have no specular reflections and are 
fire resistant.

H igh Voltage. Many lasers employ high volt
ages. Proper safety precautions should be taken 
for high voltages as you would with any electronic 
equipment.

Toxic C hemicals. Toxic gases are often pro
duced as a result of high energy laser beams 
ionizing air or disintegrating the target. Procedures 
for dealing with toxic materials are detailed in 
AFMs 127-100 and 127-101 (specifically chap
ter 5).

Cryogenic M a t e r i a l s . There are many haz
ards associated with cryogenic liquids. Contact with

AFM 52-31
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ihe. skin will produce a burn. Asbestos gloves 
should be worn when filling or pouring from 
Dewar and thermos bottles. The bottles should 
be protected by an outside container should the 
bottle implode.

Buddy System. As with all hazardous systems.

no personnel should enter a laser hazard area 
unaccompanied. Use the “Buddy System."

Only a few of the safety topics have been 
brought out. Persons involved in laser systems 
should read and adhere to AFM 161-8. Laser 
Health Hazards Control.
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Instrumentation

A simple instrumentation system might be a 
voltmeter, a piece of paper, and a pencil. In this 
case, you could record a voltage level and its 
polarity. The voltmeter measures the amount of 
voltage in an electrical component to which it is 
attached and displays this information to the 
operator as a pointer deflection. To preserve the 
information for later use, the operator makes a 
permanent record of the voltage measurement by 
recording the measurement on paper.

As shown above, the voltmeter performs two 
functions: it measures a quantity and displays the 
measurement. When a measurement must be made 
in a hazardous or inaccessible place, these two 
functions can be accomplished separately. In these 
cases, the actual measuring is done by an instru
ment or device known as a sensor or transducer. 
The output of a transducer is a signal which is a 
known function of the physical quantity being 
measured.

A large and complex ballistic missile has an 
instrumentation system incorporated within its 
airframe because a wealth of data is needed for 
study and correction of its operating character
istics. Since outward visual observations of its 
in-tlight behavior are not enough and because 
personal observations are dangerous and inade
quate, a system of various instruments is designed 
to measure different kinds of missile data. Such 
measurements change too rapidly for the human 
mind to recall and record. Besides, the accuracy 
of human observations leaves much to be desired 
since it cannot be matched against a time-base 
scale,

In simplest terms, instrumentation can be de
fined as instrument engineering. Such engineering 
entails the inventory, designing, making, and ap

plying of instruments or instrument systems to 
observe physical phenomena. Observations which 
result in scientific analyses to discover the cause 
or properties usually require a wealth of informa
tion, primarily in the form of measurements. The 
measurable quantities or properties of a phenome
non can include mechanics, matter, sound, heat, 
electricity, and light.

These properties are the basic and classical 
divisions of physics. Because of the natural differ
ences of these properties, various kinds of instru
ments or devices a're needed to obtain phenomena 
information or data. By incorporating additional 
instruments into the data collection system, various 
data signals can be measured, monitored, condi
tioned, transmitted, received, converted, and re
corded. Such a system is known as a radio telem
etry system or simply as telemetry.

Telemetered raw data, when received at a mis
sile range ground tracking station, are changed to 
usable forms suitable for immediate visual display. 
Thus, various kinds of preflight, inflight, and termi
nal data can be shown on different colored lamps, 
meters, or scopes. This type of data is known 
real-time data; that is, information about an event 
as it is occurring at the moment Real-time data 
are essential for monitoring the trajectory of a to • 
missile by range safety personnel and for prcdic 
the missile impact point. Provisions are also l i 
able at missile test ranges to store telemetered data 
for use at a later time when exhaustive and precise 
analyses are made of a missile test. Raw telemetry 
data are stored by means of magnetic tape record
ings, or other methods of data storage such as 
plots or core storage, which make it possible to 
retrieve the desired information later.

During various phases of missile research and
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development programs, a vast amount of data is 
needed in such areas as prelaunch, launch, me
teorology, flight, and guidance. Once the missile 
has been launched on its predetermined trajectory, 
measurements by means of transducers and telem
etry systems may be divided into the general 
classes which follow.

• Propulsion.
• Flight sequence.
• Environmental.
• Altitude and trajectory.
• Special.
AH of the above measurement data are trans

mitted to ground stations along the missile range 
by telemetry systems. Many of the measurements 
are interrelated. Some require continuous sam
plings along with a high order of time resolution, 
while for others only a few samplings per second 
are necessary. For a large missile such as the 
Saturn, the telemetry system must be capable of 
handling and transmitting an extremely large 
amount of varied data each second of its flight.

To illustrate this, look at the information- 
gathering capability of the instrumented ship sta
tions being used on the Eastern Test Range. A 
large ballistic missile that can achieve a speed of
20,000 mph is in receiving range of the ships for 
about 2 minutes. In these 2 minutes from 10 to 
20 million bits of information in digital form are 
expected to be received and recorded. After being 
recorded, these millions of information bits are 
relayed back to Cape Kennedy.

SECTION A

Externa! I n s t r u m e n t a t i o n  S y s t e m s

The largest and most complex external instru
mentation systems are found at the missile ranges. 
The external instrumentation includes the various 
equipments whose primary functions are to track 
a missile along its trajectory.

Tracking of guided missiles undergoing tests is 
generally accomplished by optical and electronic 
instruments and devices which are not usually 
installed as regular missile components. However, 
to aid ground installations in tracking missiles 
along their trajectories, it may be necessary to 
install radar beacons or transponders, smoke gen
erators, or photoflash cartridge ejectors within
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the test missile. All the devices arc considered 
part of an external instrumentation system even 
though they are carried aloft by the missile.

Typical external instrumentation for a missile 
range, such as Atlantic Fleet Weapons Range, is 
shown in figure 12-1. Note that both fixed ground 
installations as well as ocean-going instrumented 
ships and instrumented aircraft are used as missile 
tracking stations. The enormous length of the 
Atlantic range together with the possible ranges 
of various missiles require mobile tracking sta
tions in such ships. The versatility of these ships 
enhances the ellectiveness of a missile test range 
in a number of ways. First is their ability to extend 
range operations.by tracking guided missiles with 
intercontinental range. Another is their aid in 
nose cone recovery operations as well as confirm
ing the location of the impact area. Finally, these 
ships have the ability to furnish tracking data in 
areas between widely-spaced ground stations. With 
their comprehensive instrumentation systems, the 
ships furnish meteorological data for the geograph
ical areas in which they may be assigned. They 
complete the weather picture along the intended 
trajectory of a test missile.

Ground stations along the range also gather 
meteorological data in their immediate areas and 
transmit them to the launch area. Here the data 
are considered and entered into the computations 
of a guided missile trajectory. Meteorological data 
also aid in determining the actual launching time 
through the prediction of good weather so impor
tant for good tracking results from optical instru
mentation. Weather data also are used at a later 
lime when the performance of a test missile is 
evaluated.

In chapter 8, some atmospheric conditions that 
affect missile trajectories are described. The most 
important of these conditions is the winds which 
are produced by differences in atmospheric pres
sures and which are influenced by temperatures. 
A particular type of wind, known as the jetstream, 
must be taken into consideration when computing 
a missile trajectory. Weather units, through their 
instrumentation, can detect the presence of a 
jetstream. It is important to detect, evaluate, and 
monitor this stream of air (whose speed is known 
to have reached 310 miles per hour) because the 
jetstream represents a rapidy moving force which 
can cause a long-range missile to drift away from
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figure 12-L Typical Missile Range (ntf/vmenfotfon

its planned trajectory. To a lesser degree, the 
same situation is true as the missile passes through 
winds that are present at other altitudes.

Optical instrumentation is ideal to record tra
jectory drift by observing the trail of smoke leaving 
the missile or by photographing the reentry path 
of the missile nose cone. At predetermined inter
vals along the missile trajectory, a photoflash 
cartridge can be ejected upon command from a 
ground station. Once ejected, the cartridge pro
duces a brilliant flash of light which can be seen 
over considerable distances. From a series of

photographed light flashes, the missile trajectory, 
attitude, velocity, and altitude can be determined. 
Precise measurements are possible when optical 
data and electronic data are coordinated with 
each other, such as a radar beacon or transponder 
determining missile velocity and distance through 
Doppler radar principles,

OPTICAL EQUIPMENT

At a missile range, three basic metric optical 
instruments are used to obtain much of the neces-

4
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sary information about a missile trajectory. These 
instruments are the cinetheodolite, ballistic cam
era. and ribbon-frame camera. The first is an 
extremely accurate tracking instrument which is 
a combined surveyor’s theodolite and motion pic
ture camera. The other cameras are fixed installa
tions; that is, they do not move to track the 
missile as it rises from its launching pad. As fixed 
cameras, the same field or area is repeatedly pho
tographed.

The optical instruments are used as triangula
tion instruments to obtain the exact position in 
space of a test missile as it flies along a trajectory 
at specific instances of time. From this position 
data, it is possible to arrive at missile velocity 
and acceleration information. Both the fixed 
cameras and cinetheodolite can be used to obtain 
data about the missile attitude while in flight.

C inetheodolite

Figure 12-2 shows the two operators of a cine- 
thcodolite—one of whom tracks a test missile in 
azimuth (direction) while the other tracks in ele
vation. The camera portion of this instrument is 
pulse operated. Pulses from central timing stations 
activate a system of several cinetheodolitcs to 
assure that all theodolites “readout" simultane
ously..

A theodolite consists essentially of a telescope

mounted on standards so that is cun be rotated 
vertically. The horizontal axis of the vertical rota
tion passes through the center of a vertical circle 
sealed for elevation-angle measurements.

The standards by which the telescope is sup
ported arc mounted on a calibrated base plate 
which can be rotated horizontally through 360°. 
The vertical axis of the horizontal rotation passes 
through the center of a horizontal circle which 
constitutes the azimuth scale of the theodolite.

I.n figure 12-3. you can see the optical and elec-

/

Figure 12-3. Typical Optical and Electronic Data 
Acquisition During Ballistic Missile launch
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tronic data acquisition systems coverage of a 
typical ballistic missile launch. Note that the cine- 
theodolite system provides secondary coverage for 
the fixed camera (ribbon-frame camera) system, 
and primary coverage of missile position and 
velocity data between the 2000- to 100,000-foot 
altitudes, during good photographic conditions.

Each exposure of the double 35-mm format 
(24- x 36-mm) records marks to indicate the 
optical center of the cinetheodolite 24-inch lens, 
and the azimuth and elevation dials of the instru
ment. In addition, range timing marks (in binary 
code) and frame count are shown in each expo
sure.

The cinetheodolite system is very accurate and 
reliable and permits coverage of missile trajec
tories up to 20 miles in good weather. Electronic 
systems have the advantage of being all-weather 
systems. In addition, instruments such as the bea
cons and radars are capable of giving instantane
ous positions of the guided missile along its 
trajectory. The optical system can obtain precise 
information on a missile in the early portions of 
its trajectory where electronic systems have diffi
culty in tracking because of missile antenna con
figuration, flame effects, glint, and multipath.

Ribbon-Frame Camera
A ribbon-frame camera is one of the two fixed, 

metric camera systems. Unlike the cinetheodolite, 
which is a tracking optical instrument, the fixed 
or ballistic cameras record a field or area through 
which the trajectory of a test missile will be 
apparent. As with the cinetheodolite, two or more 
of these cameras are needed to photograph the 
same field from different angles. This is important 
since each camera must give the direction of a ray 
in space from the camera to the missile.

The fixed cameras are gimbal mounted on trail
ers or permanently fixed in towers. Like the cine- 
theodolite, the ribbon-frame camera uses rollfilm 
(5V2 inches wide), but it is exposed at faster frame 
rates (30, 60, 90, or 180 frames per second). 
These cameras can be used at night, although for 
maximum accuracy of missile acceleration data, 
a special missile-borne, continuous light is neces
sary.

Ballistic Camera
The ballistic camera is more accurate with

1 Ju ly  1972

respect to position data. This optical instrument 
is used at night when a star background is first 
recorded to fix the trace of a missile exhaust or 
airborne flashing light with respect to position. 
When the required trajectory has been recorded, 
the camera shutter is closed until a post-calibration 
signal is received. Once again the shutter is opened 
to make the necessary star exposure. To the 
average person, the resulting glass plate negative 
would be meaningless since all that can be seen 
is a series of point exposures made by the flashing 
airborne light and short unbroken lines represent
ing star tracks. Precise timing along with meas
ured angles to the various stars (there are about 
26 or 30 stars recorded on each glass plate) are 
used to determine the missile position in space 
at any desired time. The exposed glass plate nega
tive represents raw data which must be reduced 
to a usable form by complex mathematical pro
cesses. This is where electronic computers enter 
the picture to maintain the extreme accuracy pos
sible with the ballistic camera system.

The ballistic camera is able to obtain more 
accurate trajectory data than other instrumentation 
systems can obtain, and this fact is put to good 
use in calibrating such systems. This optical 
instrument is available with lenses of different 
focal lengths. The longest lens (300-mm, approxi
mately 12 inches) has photographed trajectories 
pinpointed by brilliant flashes of light at ranges 
in excess of 1000 miles. This was made possible by 
photoflash cartridges ejected from the missile.

Other Optical Instruments
Although the three basic optical instrument 

systems just described obtaio much of the needed 
missile data at a test range, other optical instru
ments are required to furnish radar backup and 
special data and coverage. These include tracking 
telescopes, recorder, infrared, and high-speed 
cameras. Figure 12-4 shows an example of such 
special coverage which was obtained by ROTI 
(Recording Optical Tracking Instrument). It is 
basically a tracking telescope with a lens whose 
focal length can be extended from 100 to 500 
inches automatically. A 70-mm camera is attached 
to the telescope which is mounted upon a 5-inch 
naval gun turret platform.

Frame 1 of the sequence in figure 12-4 was 
taken of a Titan missile about 25 miles above

A F M  52-31
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Figure 12-4. Recording Optical Tracit/ng Instrument (ROTI) Sequence

Cape Kennedy, while frame 6 shows the last stage 
more than .52 miles away. Frame 2 shows the 
missile reaching its first stage burnout. Stage 
separation is recorded in frame 3. while frame 4 
shows the ignition of the Titan's second stage.

During long-range flight observations, more 
than one optical observation station is required. 
For accurate data determination, the ground sta
tions must be synchronized so that the data col- *
lected at separate stations can be consolidated 
into a single continuous recording.

RADAR EQUIPMENT

Radar equipment used in external instrumenta
tion systems consists of several different kinds 
of both pulse and continuous wave radars. The 
principles of the two kinds of radar were given 
previously in chapter 9. Associated equipment 
includes a target acquisition system and radar data 
recorders which use magnetic and paper tapes.

Radar provides tracking information to meet 
range safely requirements. The range of the radar 
will vary in accordance with the two kinds of 
aerospace vehicle tracking— “skin*1 and “beacon.M 
In the former, tracking is done by reflecting pulses 
from the outer skin of the vehicle. In the latter, 
the vehicle is tracked through signals emitted 
from a beacon (sometimes called a transponder or 
“parrot") installed inside the airborne vehicle. 
Beacon tracking increases the effective range of 
a radar with the amount of range increase being 
a function of beacon-radiated power. Radar pro
vides range safety requirements in the form of 
real-time (instant information about an event), 
present position, and impact prediction data. It

can also provide metric position of the missile 
from launch through burnout and, in some tests, 
throughout the entire missile trajectory. Figure
12-5 shows how tracking is done with the different 
radars available. Note the region of radar coverage 
overlap that occurs between station 1 at Cape 
Kennedy and station 3 at Grand Bahama Island.

External instrumentation of missiles requires a 
radar tracking and plotting system network which 
is capable of tracking any missile throughout its 
flight path and of presenting azimuth, elevation, 
height, and range position at any instant. Within 
the tracking and plotting system, there must be 
a data-transmission system to convey the tracking 
information to computers and/or plotters. The 
tracking data arc resolved into permanent record
ings of the flight path and flight characteristics of 
the missile by the computing and plotting system.

Radar systems used in missile instrumentation 
generally employ automatic tracking antennas 
which use some form of conical scanning to de
velop the positioning data voltages required for 
their operation. When the target is not in the 
center of the beam, error voltages proportional 
to the deviations in elevation and azimuth arc 
developed in the antenna-positioning system.

These error voltages, or position-data voltages, 
when compared in phase or polarity with a refer
ence voltage representing a fixed azimuth or ele
vation angle of the antenna, provide the azimuth 
and elevation data which indicate the instantane
ous position of the target missile with respect to 
the radar antenna.

Typical R ad ar Set

A typical radar set which has been used in a
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figure 12*5. Typical Radar Tracking Coverage

modified form in missile instrumentation is the 
SCR-584. This set, as shown in the diagram of 
figure 12-6, is divided into the following seven 
systems: transmitting, radiofrequency, receiving, 
range, PPI, antenna, and data transmission.

The transmitting system generates RF pulses 
0.8 microsecond (j*sec) wide at a frequency of 
approximately 2800 MHz and with a peak power 
of 250 kw. The system receives a trigger pulse 
from the range unit every 586 microseconds, 
shapes the trigger (giving it the required form, 
width, polarity, and amplitude), and uses it to 
apply a DC voltage of 22 kv for 0.8 jiscc to a 
magnetron.

The magnetron oscillates to produce RF pulses. 
The pulses pass through the RF system to the 
antenna and are radiated into space. The trans
mitting system consists of a driven unit which 
shapes the pulse and triggers a modulator. The 
modulator, in turn, acts as an electronic switch 
which applies the high DC voltage to the mag
netron. A rectifier in the transmitting system pro
duces the DC voltage from a 115-volt, 60-IIz, 
AC supply, and from the magnetron.

The radiofrequency system conducts the RF 
pulse from the magnetron to the antenna; and it 
radiates RF energy, receives target echoes, and 
conducts the echo signals from the antenna to 
the receiving system.

The system consists of an RF transmission line, 
the T-R box, antenna, and the reflector. The RF 
output of the magnetron in the transmitting sys
tem is fed into a coaxial transmission line which 
conducts the RF pulse to the T-R box. The T-R 
box prevents any appreciable amount of the pulse 
from entering the receiver, and it passes the pulse 
toward the antenna. The reflector gives this radi
ated energy its directional property by concentrat
ing it into a narrow beam. The returning echo 
pulse enters the antenna and passes through the 
RF line to the T-R box, which shunts it to the 
crystal mixer of the receiving system. The spinner 
motor and the reference generator are in the an
tenna-positioning system.

The receiving system amplifies and detects the 
target echoes received by the RF system. The 
system consists of a crystal mixer, a local oscilla
tor, a preamplifier, a superheterodyne radio re
ceiver, and a remote video amplifier. The echo 
signal from the target is conducted through the 
RF system to the crystal mixer, where it is mixed 
with a signal from the local oscillator. The resul
tant intermediate-frequency (IF) signal is amplified 
in the preamplifier and the IF section of the 
receiver.

The IF signal then divides and enters the range 
and servo channels of the receiver. The signal is 
amplified in the range channel, then it is fed to
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the scopes in the range and PPl systems. The 
servo channel is gated by the pulse from the N2 
(narrow-narrow) gate unit. As a result, the chan
nel is opened up only long enough to receive the 
echo from the target being followed. In the servo 
channel, the error voltages corresponding to the 
echo being tracked are passed on to the antenna
positioning systefa.

The range system furnishes the timing and gat
ing pulses and visual range data on oscilloscopes. 
The system also supplies range potentiometer and 
selsyn data to the data-transmission system. The 
range system consists of a range unit, a range 
indicator unit, and an N2 gate unit.

The range unit generates the trigger pulses and 
sweep voltages for the set. It furnishes synchro
nized triggers to the transmitting system, the PPI 
system, and the other components of the range 
system. It also supplies a narrow gate to the PPI 
system, as well as sweep voltages and illuminating 
gates to the range indicator. Finally the master 
timing frequency and the narrow gate are supplied 
to the N2 gate unit by the range unit.

The range indicator unit consists of two range 
scopes, tracking and slewing handwheels, and an 
added tracking mechanism. The range scopes are 
J-scan (circular sweep) scopes; their sweep volt
ages are generated in the range unit. All targets 
within range of the RF beam arc displayed on the 
32,000-yard scope (coarse range) which is illumi
nated for the duration of the wide gate. The 2000- 
yard scope (fine range) expands any 2000-yard 
portion of the 32,000-yard scope for greater track
ing accuracy. Two gates are applied to the 2000- 
yard scope: the narrow;gate and the N2 gate. The 
narrow gate illuminates a sector on the 2000-yard 
scope, which may be manually varied by the nar
row-gate width control.from 250 yards to 1800 
yards. The N2 gate is applied to the 2000-yard 
scope so that the operator may track a specific 
target. Range potentiometers and selsyns supply 
slant range data to the data-transmission system.

The N2 gate unit generates the N2 gate from 
the master timing frequency after being triggered 
by the narrow gate. This N* gate is fed to the 
servo channel of the receiver and also to the range 
indicator. It appears on the 2000-yard scope as 
a slight increase in intensity, 50 yards wide, and 
can be seen at the top of the echo signal being 
tracked. The range operator tracks the target by

keeping the range hairline at the leading edge and 
the N2 gate at the center of the target being 
tracked.

The PPI system is used for general searching 
and provides the means of initially locating the 
target. The system includes a PPI unit, the PPI 
scope, and the PPI selsyn. All targets within the 
RF beam are displayed on the PPI scope together 
with the narrow gate and range-marker circles. 
By the proper adjustment of handwheels, the 
target is placed within the tracking gate.

The antenna-positioning system controls the 
positioning of the antenna. This system includes 
the antenna-position-control unit, the automatic 
tracking unit, the azimuth and elevation tracking 
unit, the azimuth and elevation motor-generators, 
the spinner motor, and the reference generator 
(two phase).

In automatic tracking, the error voltage is com
bined with the reference voltages, producing the 
desired control voltages for the drive motors. 
When manually positioning the antenna, artificial 
error signals, created by moving the azimuth and 
elevation handwheels, are combined with a refer
ence voltage to produce the same result. A single 
group of circuits serves for all methods of antenna 
control, with the difference in the operation of the 
circuits depending on the nature and source of 
the error and reference voltages.

The data-transmission system converts the 
range, azimuth, and elevation information on tar
get position into potentiometer (voltage) and selsyn 
(phase-position) data, and the system supplies the 
data to plotting boards. The system includes an 
antenna-position indicator; azimuth, range, and 
elevation potentiometers; selsyns; an attitude data 
unit; and an altitude converter. Coarse and fine 
selsyns transmit angular data for azimuth and 
elevation. Potentiometers develop range, altitude, 
and angular data for azimuth and elevation. The 
selsyns and potentiometers respond instantly to 
all changes in target position. Transmission of 
data is electrical through the use of control volt
ages developed across the potentiometers, or 
mechanical by means of the selsyns. Accuracy of 
the data supplied to the gun director or plotter 
depends primarily on the accuracy with which 
the set tracks the targets.

The mechanical (selsyn) and electrical (poten
tiometer) data obtained from the tracking radar
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Figure 12-7, Basic Plotting System

are resolved into “X'* (range) and MY” (elevation) 
components. These components are proportional 
to the variations of the angular error voltage, “Z” 
(azimuth angle) data, with respect to the reference 
voltages. The l,XM and “Y” components are con
verted into graphic form in the plotting system.

Bask Plotting System
An example of a basic plotting system is illus

trated in figure 12-7. The plotting boom revolves 
around a center axis and is positioned by the 
azimuth (Z) data. The tracing-pen trolley U posi
tioned by horizontal range data. The axis of the 
boom represents the radar location, and the pen 
position indicates the instantaneous location of 
the target. The horizontal range data used to 
position the tracing-pen trolley is derived from 
the slant range data in terms of the cosine of the 
elevation angle. Elevation data is in terms of the 
sine of the elevation angle and slant range data 
or in terms of the tangent of the elevation angle 
and horizontal range. If desired, the data are 
marked on the plotting chart at each target- 
position point.

Many improvements and modifications have 
been made in the basic radar tracking and plotting 
equipment to meet the requirements of the missile 
program. Automatic tracking over full range of 
the radar and greater flexibility of the antenna- 
positioning system have been provided in some 
modifications. Larger and more versatile plotters 
with integral auxiliary indicating and recording 
devices have been developed to meet the require
ments for tracking high-velocity, long-range mis

siles. The same principles of operation which 
prevail in the new modified equipment are em
bodied in the basic radar tracking and plotting 
systems.

SECTION fl

Inferno! instrumentation Systems

An internal instrumentation system uses pickoft 
devices and a data transmitter located within the 
missile^ and receiving and recocding equipment 
located in a ground station. Internal systems are 
capable of supplying a much greater variety of 
data than can be obtained from the external sys
tems and are not so restricted by conditions of 
weather, visibility, or terrain.

Whenever it is desired to collect data of a 
physical or mechanical nature and transmit it 
from a missile, the data must be converted into 
an electrical form. By making this conversion, 
data can be transmitted in the form of modulation 
of an RF carrier to a receiver located at the 
ground station.

This process is referred to as telemetry. The 
word is of Greek origin. It means measurement 
from a distance, and it may be defined as a method 
of measuring a quantity, transmitting the result 
to a distort station, and there indicating or record
ing the quantity measured. Telemetry includes 
conversion of quantities to be studied into elec
trical signals, the transmission of these signals 
over a radio link, their reception, and their pre
sentation by indicators or permanent recordings.
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I lit? quantities in this linal form of presentation 
con be studied at leisure.

A simplified diagram of a radio telemetry sys- 
rcin is given in figure 12-8 where components 
comprising an internal instrumentation system 
are shown. The jagged line, representing a stream 
of inllight data in the form of radio signals, serves 
as the connecting link between the internal instru
mentation svstem of a test missile and the external 
instrumentation system of a ground station. At 
ihe ground station, telemetry data are changed 
into a usable form and shown on indicators or 
strip charts.

Another method of gathering data is through 
photographic or other recordings that are made 
aloft, but this method is not considered telemetry 
since there is no distance involved between the 
instruments and the recorders.

Formerly, the photographic recording of data 
collection could not be used effectively. This was 
true because of the doubtful recovery of pho
tographic or tape recorded data. Now, instru
mented capsules containing such recorded data, 
upon a command signal from a ground station, 
can be ejected from the missile and retrieved. 
This method of aerial retrieval was successfully 
used for recovering capsules which were ejected 
from the Discoverer series of earth satellites. 
Photographic and tape recordings are described 
in greater detail later in this chapter.

Television is another means by which data can 
be obtained: however, this means is more often 
used to collect environmental data; that is, cloud, 
terrain, storm, and astronomic data which are 
visible From a satellite rather than aerodynamic 
data of its carrier vehicle.

TRANSDUCERS

Internal instrumentation of missiles includes the 
use of data pickups or transducers which arc 
attached to, or form an integral part of, the 
component under lest within the missile. A trans- 
luccr converts mechanical or physical variations 

into a desirable voltage. This voltage is used to 
modulate the carrier to a degree corresponding 
to the amount of change in the quantity being 
measured.

The transducers, if not part of an electrical 
circuit, are supplied with a reference-voltage

source which is preset to some output value cor
responding to the normal position or operating 
characteristic of the component under test. Any 
deviation from normal provides an output voltage 
which varies from the normal value by an amount 
corresponding to the, amount of the component 
variation.

A transducer measures or collects the data at 
its source. The nature of the data to be collected 
from the source determines the type of pickup 
or transducer employed. The terms pickup, pick- 
olT, and transducer are used more or less inter
changeably throughout the missile field. Whenever 
possible, a transducer is built into the component 
under test as an integral part to avoid external 
loading, drag, or shunt effect of the pickoff device 
on the component.

Small, lightweight, highly accurate transducers 
have been especially designed for telemetry sys
tems. A few of these transducers which are com
monly employed in missile telemetry systems 
include:

Potentiometers (position data).
Strain gages. •’
Thermistors.
Selsyns.
Tachometers. .
Thermocouples.
Thermostats. •

► Manometers.
Bourdon tubes (airspeed).
Diaphragms or bellows.
Vanes.
Gyros.

A few of the more common transducers are 
illustrated in figure 12-9.

The transducers are used to obtain the follow
ing telemetered data:

Altitude.
Static differential pressure.
Low airspeed.
High airspeed.
Vertical acceleration.
Electronic chamber pressure.
Hydraulic pressure.
Plenum-clumber pressure.
Nozzle pressure.'
Attitude.
Control surface position.
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O.C OUTPUT CORRESPONDING TO 
TEMPERATURE AT JUNCTION OF TWO 
BARS OF DISSIMILAR METALS

( O
RESISTANCE VARIES ACCORDING 
TO PORTION OF CONDUCTORS 
SUBMERGED IN MERCURY

F i g u r e  12-9. Common franjc/ucars

Missiles and satellites require transducers of 
aw types to collect in-flight data. Figure 12-10 
illustrates how some transducers are used and 
some of the locations of their installation. Many 
of the transducers are made more rugged to with
stand the tremendous extremes of acceleration, 
temperature, pressures, stresses, and vibrations 
usually encountered in missiles.

The multitude of transducers in use at the pres
ent time allows only a general coverage of the 
field. Transducers may be classified according to 
whether they are modulating or generating in 
action. Examples of the modulating type of trans
ducers are the variable inductance, variable 
capacitance, and variable resistance., Variable- 
resistance transducers include potentiometers, re-
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sistance strain gages, thermistors, transistors, and 
electron tubes.

Generating types of transducers include photo
electric, thermoelectric, and piezoelectric devices. 
Che generating type is not always capable of 
completely modulating the designated circuit of 
the transmitter, nor is the modulating type always 
capable of completely performing this function.

In such cases, their outputs are further amplified.
Examples of the stages and circuits which are 

necessary to make pickup transducers measure 
data adequately arc shown in figures I2-U  and 
I2-I2. These examples of pickup units may be 
considered as simple but complete instruments 
of which hundreds are needed in a test missile.

An essential step is the calibration of each in-
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Figure 32- J ). Examples o f Various Pickup Units

strument with its attached transducer. Frequently, 
standard components such as bridges, potentiom
eters, and other instruments arc combined with 
the appropriate pickup or transducer. In such 
cases, the transducer must not impair the opera
tion of the instrument. Where an accurate indica
tion of certain data measurement is desired, the 
combined instrument and transducer unit must 
be specifically designed for this purpose.

Another method is to couple a variable-reluc
tance type of transducer to the instrument by 
attaching a small piece of magnetic material to 
the needle or moving part. The torque then neces
sary to drive the needle is extremely low. This 
setup is best fitted to work into a frequency- 
changing arrangement such as results when the 
reluctance of a frequency-controlling inductance 
is caused to vary with motion. Usually, this is 
the tank coil of an audiofrequency oscillator. It 
is also possible to obtain the change in frequency 
from a large change in airgap with increased spac
ing of the metal. Such transducers are excellently 
adapted for attachment to such instruments as 
accelerometers, altimeters, airspeed indicators, 
pressure gages, tachometers, and various displace
ment meters.

One type of transducer easily adapted for use 
with tachometers consists of a segment of mu 
metal (metal of very high permeability) imbedded

in the rotating shaft of the instrument and so 
located that as the shaft rotates the mu metal 
moves in and out of the field of an inductor which 
is a component of an oscillatory circuit. An 
example of this type of transducer is shown in 
figure 12-12.

This arrangement varies the inductance of the 
coil and produces a change in the frequency of 
the oscillatory circuit at a rate corresponding to 
the rpm of the shaft. Mu metal is used in ihis 
application because of its freedom from hysteresis 
(lag in magnetic change), which is common in 
most magnetic materials and which might intro
duce errors.

The mu metal and. E-coil transducer oilers 
little drag on the rotating device. It can be used 
as a miniature alternator whose frequency and 
amplitude of output voltage depend on the rpm 
of the shaft and the spacing between the metal 
segment and the coil.

Another typical transducer assembly consists 
of linking the mechanical-data source to the wiper 
arm of a linear potentiometer which is supplied 
with a reference voltage from a reference battery. 
In operation, an output equal to the reference 
voltage represents maximum mechanical or pres
sure action, and an output of 0.0 volts represents 
minimum action. As mechanical action is initiated 
or pressure developed, the output voltage uses
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Figure 1 2-12. Types o f Transducer Units
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from 0.0 volts to a positive voltage in proportion 
to the mechanical action.

Thermistors, consisting of combinations of ce
ramic materials and various metallic oxides, are 
commonly used to detect and respond to fluid- or 
air-temperature changes.

Air-temperature thermistor elements, generally 
located on the center and aft equipment shelves 
in a missile, are mounted in such a manner that 
air can circulate freely around them. The thermis
tor dement is connected in series with a reference 
battery and its assigned gating-unit contact. The 
diagram in figure 12-13 shows a thermistor circuit 
and its connection to a gating unit. As the thermis
tor temperature varies, the resistance varies; 
therefore, the voltage output to tne gating unit is 
linear with the temperature variations. An increase 
in temperature decreases the resistance of the 
thermistor, producing a smaller voltage drop 
across it. This action, in turn, causes a higher 
voltage to appear across the unchanging imped
ance of the input to the gating unit.

Thermistors are particularly useful in missile 
fueling systems where narrow ranges of measure
ments at extreme temperatures must be covered. 
This coverage normally varies from -365° to

-338° F. At these extreme temperatures, thermo
couples or resistance thermometers do not have 
enough output voltage even after amplification.

Strain gages are variable-resistance elements 
so designed that any mechanical movement or 
stress applied to them causes a corresponding 
variation in their resistance. They arc made in 
many forms and types to suit application require
ments. A common type of strain gage consists 
of an adhesive tab, shown in figure 12-14, in 
which one or more loops of fine resistance wire 
are imbedded.

FM/FM TELEMETRY SYSTEMS

A widely used telemetry system currently em
ployed in missile instrumentation is the fre.quency- 
moduk'ied subcarrier, frequency-modulated car
rier type, referred to as FM/FM.

This system is commonly used because it can 
be designed with inherent freedom from external 
signals (noise) which are amplitude variations. 
Also, conventional equipment and circuitry can 
be used; space, weight, and power requirements 
are not extreme. Ruggedness and simplicity are 
attainable with a relatively high degree of accuracy

< ----------------------------------- STRA IN  M E A SU R E D --------------------------------- > -
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and adaptability to missile telemetering require
ments. Ease of calibration and a minimum amount 
of ground-station equipment are important factors, 
as well as versatility in handling many different 
types of data.

The underlying theory of operation is similar 
to FM broadcasting. Frequency modulation of the 
subcarriers also has an advantage in minimizing 
interference from other electrical circuits within 
the missile. In an FM/FM system, amplitude 
variations from the data pickoffs are converted 
into frequency variations by the transmitting sys
tem. These frequency variations are converted 
into voltage data of varying amplitude in the re
ceiving system. The frequency deviations of an 
FM carrier are not affected by noise or static 
from sources outside the system because such 
types of interference, while tending to vary the 
amplitude of the carrier, affect its frequency only 
slightly.

In designing an FM /FM  telemetry system, 
emphasis is placed on frequency stability of the 
sub-carrier oscillators even though ambient con
ditions such as temperature, humidity, acceleration, 
or power-supply voltage vary as the flight progres
ses. Remember that any drift in sub-carrier fre
quency would appear as a change in the function 
being telemetered.

A typical FM /FM  telemetry system includes 
the following airborne components:

Transducers,
Subcarrier modulator units (one or more).
Transmitter.
Frequency-converter units.

The ground station for an FM/FM system gen
erally includes the following components:

Receivers.
Subcarrier discriminators.
Recorders.
Test equipment.
Calibration equipment.
Maintenance equipment.

When an airborne transmitter must collect data 
from a large number of sources in the missile, 
additional subcarrier modulators can be added to 
the transmitter to accommodate additional data 
channels. For data channels requiring continuous 
sampling or a high degree of time resolution, 
several additional subcarrier modulators are

needed. For data of the slowly changing type, a 
single subcarrier modulator with its input com
mutated from a number of end instruments or 
channels may sufliee. Additional commutators and 
subcarricr modulators can be added if required. 
If any arc added, additional subcarrier filters and 
discriminators must be provided at the ground 
station.

If a sufficient number of research missiles are 
available, the best practice is to telemeter a small 
number of channels, thus insuring the highest 
degree of accuracy. When many data sources 
must be sampled from a single missile, the possi
bility of interference by cross-modulation in data 
channels necessitates careful shielding of cables 
and components and careful calibration of both 
transmitting and receiving equipment. Even so, 
the varying loads on the power-supply and trans
mitter components may introduce false indica
tions.

Generally, when feasible, certain types of data 
are collected from one missile and other types 
from additional and identical missiles. Some data 
may be in simple form which requires only a few 
samples per second to produce a complete record 
of operations under various flight conditions.

Many types of intelligence are gathered when 
a test missile is fired; and after careful evaluation 
of all data, specific types of intelligence are filtered 
out, analyzed, and cither set up for repetition or 
replaced by more desirable information from the 
next missile.

Some of the types of information that can be 
telemetered in missile research are as follows:

Throttle setting.
Engine rpm.
Ambient temperatures.
Compressor inlet temperature.
Nozzle temperature.
Structure temperature.
Altitude.
Airspeed.
Induction air pressure (total).
Induction air pressure (static).
Nozzle pressure (total).
Nozzle pressure (static).
Fuel pressure.
Fuel-flow rate.
Power-supply voltages.
Hydraulic pressure.
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Groundspeed.
Generator voltage supply.
Airspeed signal input.
Yaw error.
Pitch error.
Roll error.
Missile control-surface position.
AGC voltages.
Fuze arming.
Radio-control relays.
Terminal-dive signals.
Airspeed and altitude relays.

The data above are only samples of the types 
of information which can be transmitted from an 
airborne missile. While the types of data may vary 
from test to test, the number of channels that are 
available to transmit data is limited to the number 
of data channels in the telemetry system being 
used.

Some transducers used in FM/FM systems and 
examples of the intelligence they provide are as 
follows:

Potentiometers-^-nidder position.
Selsyns— roll signal.
Tachometers—engine rpm.
Thermocouples— nozzle temperatures.
Bourdon tubes— altitude.
Direct connection—dive signal.

An FM/FM telemetry system uses an FM RF 
carrier modulated by a number of FM subcarriers. 
These subcarriers may be continuously modulated 
by varying information or by commutated (sam
pled) information or a combination of these meth
ods. The oscillator outputs are combined and 
amplified and then used to modulate the FM RF 
carrier of the transmitter.

The equipment is used for any application de
sired so long as its use is consistent with the 
design of the equipment. For example, transducers 
can be used to modulate subcarrier frequencies 
continuously with varying information. This per
mits the information from one pickup per sub
carrier to be telemetered. Also, a number of sub- 
carrier frequencies can be modulated using con
tinuous information from pickups of any of the 
three types, while one or more of the higher 
subcarrier frequencies are modulated by commu
tated data inputs (each of a slowly varying nature) 
from other transducers.

Consider a typical missile FM/FM telemetry

system. A functional block diagram of such a 
system is presented in figure 12-15. The system 
illustrated is designed to transmit data on six 
subcarrier frequencies. The sixth (highest-frequen- 
cy) channel can be commutated at the rate of five 
samples per second for each of 27 data pickolfs.

Channels are modulated continuously when the 
intelligence is expected to vary more rapidly or 
when a high degree of data resolution is required. 
Systems employing higher commutation rafes are 
available if it is desired to commutate information 
varying more rapidly.

The system in figure 12-15 includes the follow
ing components:

Subcarrier-oscillator unit.
Power-supply unit.
Fuel totalizer; engine-tachometer switching 

unit.
Cam calibrator.
Signal converter unit.
Voltage-controlled subcarrier oscillators.
Subcarrier-oscillator mounting unit.
Commutator-gating unit
Transmitter unit; RF power-amplifier unit.
ADtenna.

The order of presentation is not indicative of 
the signal sequence.

Pickoff data may be suitable for direct applica
tion to a voltage-controlled subcarrier oscillator, 
or may involve one or more of the other compo
nents before being applied to the voltage-controlled 
subcarrier oscillator.

A detailed treatment of these components and 
their operational functions follows.

Subcarrier-Oseillater Unit

The subcarrier-oscillator unit, illustrated in 
figure 12-15, is composed of voltage-controlled 
oscillators. The center frequencies, as shown in 
the diagram, are 2.3 kHz, 3.0 kHz, 3.9 kHz, 5.4 
kHz, 7.35 kHz, and 14,5 kHz. The 6-channel 
subcarrier-oscillator output is coupled to the 
transmitter/exciter unit which drives the final RF 
amplifier.

In this FM/FM system, the data signals are 
coupled to the commutator-gating unit or the sub- 
carrier-oscillator. Data expected to vary at a low 
rate are coupled to the gating unit. AC signals 
received from the missile controls and guidance
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units arc coupled through the signal converter’s 
nine channels for conversion to DC signals.

Power-Supply Unit

The primary purpose of the power-supply unit 
is to furnish regulated voltages. The power supply 
varies in design depending on the particular in
strumentation package used. A fairly simple 
power-supply unit such as would be used in the 
block diagram may consist of a number of bat
teries, while the power supply in the Apollo 
program is much more complicated. The Apollo 
capsule besides having a complicated power sup
ply system also has backup power supplies should 
the main system fail.

As the power supply gets more complicated 
than a bank of batteries, voltage regulators, DC 
to AC converters, and current regulators arc 
added. Some equipment needs steady DC voltage 
to operate properly. Because of the various loads 
imposed on the power supply, the DC from the 
battery will vary. Small DC motors can make 
the battery voltage change by as much as a volt 
or more. This voltage change is very serious, 
especially when the power supply voltage is only 
6 to 12 volts as in many transistorized packages.

The DC to AC converters arc needed whenever 
part of the instrumentation package must use AC 
power. Current regulators are becoming increas
ingly important in solid state devices. Transistors 
are current-operated devices, and many of the 
other solid state devices must also have the proper 
amount of current supplied. Within certain limits, 
the current is more important than the voltage.

Fuel Totalizer; Engine-Tachometer Switching Unit

The engine tachometer information is normally 
sent to the 5.4 kHz subcarrier-oscillator. When
ever a predetermined amount of fuel is used, the 
tachometer information is interrupted. When these 
data are read out on the ground, the interruptions 
of the tachometer information indicate the amount 
of fuel used. When designing this type of circuit, 
care must be taken that the information from the 
tachometer is readily recognizable From the in
formation from the fuel totalizer.

There are several ways the information can be 
separated. The one used will depend on items 
available, designer choice,, etc. If the output from 
the tachometer is a constant voltage level, the

fuel totalizer signal could be a burst of two or 
three cycles from the oscillator. If the output from 
the tachometer is a sine wave, then the fuel total
izer burst could be a level input or even just an 
open input.

Cam Calibrator

The calibrator circuit consists of a motor-driven 
cam which actuates two microswitches for apply
ing 100% information and 0% information sig
nals alternately as flight calibration for telemeter
ing. The motor is actuated either by a signal from 
the ground or at a sequence determined by the 
internal program of the package. Either way the 
calibrating signals arc sent to all the .ungated 
subcarrier-oscillators. On the gated subcarrier- 
oscillators, there are pulses set aside for calibra
tion on every cycle of operation.

On many instrumentation packages, the cali
bration is entirely an electronic operation. In 
some instances, the calibration command triggers 
relays which stop the flow of information to the 
subcarrier-oscillators and substitute the calibra
tion signal. In others, a diode gate is used to 
switch the subcarrier-oscillator input from infor
mation to calibration. No matter which way the 
calibration is accomplished, it is very important 
to the ground station. With the calibration se
quence you can determine if the package is still 
calibrated to the original specifications. If the 
calibration has changed, the calibration sequence 
tells how much the calibration is off and how the 
apparent information must be changed to obtain 
the correct information.

Signal Converter Unit

The purpose of the signal converter unit is to 
convert transducer outputs to a proper signal for 
the subcarrier-oscillator. On many subcarrier- 
oscillators the proper input is from 0 to 5 volts. 
Also the subcarriers are quite limited to frequen
cy input. The outputs from transducers are often 
too low or too high in voltage and too high in 
frequency.

For transducer outputs which are too high or 
too low in voltage, the signal conditioner is simply 
a voltage attenuator or amplifier. For transducers 
with too high of a frequency output, the frequency 
output is changed to a DC voltage. An example 
of this is the 400 Hz power supply monitor. The
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Figure 12-16. Subcarrier Oscillator

• nitpui of the signal converter may have an out
put of 0 to 5 volts for a frequency of 370 Hz to 
430 Hz. In this case,, an output of 2.5 volts would 
indicate the 400 Hz power supply is operating 
normally as far as frequency is concerned.

Voltage-Controlled Subcarrier Oscillators

The voltage-controlled subcarrier oscillators 
nrc voltage-sensitive. Their purpose, as indicated 
by the block diagram in figure 12-16, is to receive 
information in the form of a varying DC voltage 
and transform this voltage into a sine wave AC 
voltage, varying in frequency. The frequency vari
ation is dictated by the information voltage.

As shown in the figure, the subcarrier-oscillator 
is basically a multivibrator whose frequency is 
controlled by the input signal. The output of the 
multivibrator is fed through a filter to get rid of 
die harmonics present in the multivibrator output. 
Subcarrier-oscillators for one system are the same 
for each subcarrier for the multivibrator frequency 
determining components and the output filter.

On instrumentation packages which conform to 
the rnter-Range Instrumentation Group (TRIG) 
standards, the subcarrier oscillators have definite 
center frequencies ranging from 400 Hz to 165 
kHz. Depending on the center frequency, the 
channels can be deviated ±.1Vi  % , or on the high
er frequencies ± 1 5 % . Because of the different 
deviations on different channels, this system is 
called the proportional bandwidth system. If the 
same bandwidth is needed for all channels, a

constant bandwidth system can be used. In the 
constant bandwidth, the deviation is the same num
ber of cycles regardless of the center frequency. 
Since changes occur frequently, consult the current 
IRIG Document 106-69, Telemetry Standards, 
for the latest specifications.

Subcarrier-Oscillator Mounting Unit

The block diagram in figure 12-17 shows the 
oscillators mounted on the subcarrier-oscillator 
mounting unit. The unit has two main functions 
in addition to serving as a mounting base: (I) to 
supply input power and connections for the six 
subcarrier oscillators and (2) to mix and ampli
fy the FM output of the oscillators to frequency- 
modulate the RF transmitter.

The mounting unit provides sockets for firm 
seating of the oscillator units. It also provides a 
metal coverplatc for clamping down the units 
securely to reduce the effects of vibration and 
acceleration.

The oscillator units arc plugged into the sock
ets. An external cable from one pin of each sock
et provides for connecting each oscillator unit to 
its end instrument or data pickup.

The block diagram of the mounting unit shows 
the output signals from all of the oscillator units 
are fed through individual output potentiometers. 
The potentiometers are used for preemphasis ad
justment, From here, the signal passes through 
RC decoupling networks to one common-output 
potentiometer for mixing. This common-output

Figure 12-J7. Subcorrier-Oici/iafor Mounting Unit
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potentiometer acts as the master gain control for 
amplifier stages of the mounting unit and as. the 
deviation control for the RF transmitter,

Commutator-Gating Unit

The commutator-gating unit, depending on the 
program involved, is either mechanical or elec
tronic. Either one is acceptable for use as long as 
the desired information is not distorted too much.

A mechanical commutator is similar in opera
tion to an automobile distributor. The outputs 
from various transducers are connected to con
tacts mounted on a disc. Revolving around the 
disc is a brush, or wiper arm. which is driven by 
a motor. As the brush touches each contact, the 
information on that contact is sampled. The com
mutator is connected in series with the transducers 
and the remainder of the instrumentation system. 
This allows only one sample of information to 
pass at any one specific time.

There are two types of mechanical commuta
tors: RZ (return to zero) and NRZ (non-return 
to zero).

The outside contacts of an RZ commutator 
carry the information while the inside contacts 
arc grounded (figure 12-18). As the wiper arm 
passes over the outer contacts, it receives a bit 
of information, then returns to zero as it passes 
me ground contacts. The RZ commutator pro
duces pulses which are more easily read than the 
NRZ commutator.

NRZ information is obtained from all contacts 
so the wavetrain does not return to zero (figure 
12-19). As the wiper arm passes over a contact, 
it receives that bit of information. When it moves 
to the next contact, it momentarily engages both 
contacts and results in a spike which actually is 
the summation voltage of both contacts.

The NRZ method allows more information 
to be commutated, but it requires special circuits 
to: (1) reshape the data samples to more usable 
forms, (2) mix the master pulse with data pulses, 
and (3) insert a pedestal voltage. NRZ is exten
sively used in pulse code modulated systems where 
it is necessary to know only whether a pulse is ON 
or OFF, and the exact amplitude is not critical.

IN F O  O N  

A IL  C O N T A C T S

Figun  12-79.
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Electronic commutators were developed be
cause of the limitations of mechanical commuta
tors. Primarily, these limitations arc an inability 
to operate for extended periods of time, heavy 
power requirements, noise factors, and limited 
data-handling capabilities.

Electronic commutators have no moving parts, 
can operate almost indefinitely, use a very small 
amount of power, are not as susceptible to ex
ternal noise, and handle large amounts of data. 
They arc considerably more expensive than their 
mechanical counterparts, but the performance ob
tained is usually well worth the monetary con
sideration.

The basic parts of an electronic commutator 
are: a series diode switching arrangement, units 
counter, tens counter, clock timer, and a syn
chronization pulse generator. The main factor 
limiting the speed of an electronic commutator is 
the time necessary for the diode switches to op
erate. Units can be designed to operate at almost 
any sampling rate, but for use on the test ranges 
they must conform to IRIG standards.

For a signal to pass through the commutator 
and on to the telemetry system, the diode switch
es in its path must be closed. The simplified 
schematic (figure 12-20) shows three input decks 
and one output deck. A 90-channel electronic 
commutator would most likely have ten input 
decks with nine inputs on each. NOTE: There 
are two diodes in each network on both the input 
deck and the output deck. The information signal 
is connected to the top of the uppermost diode. 
At this same point, a high -f- potential is ap
plied through load resistors and is felt on each 
diode network. Though there are 12 inputs to 
this particular commutator, the description which 
follows is concerned only with inputs 2, 6, and 10.

Assume that there is a low voltage at input 2 
of the A counter, and at input 1 of the B counter. 
This causes a voltage drop across resistor R2, 
which results in a negative voltage that causes a

OSCILLATOR
MOUNTING

UNIT

dilTerence in the potential felt at points A, 13, and 
C, and makes conduction through these diodes 
possible. When the three diodes conduct, the in
formation signals waiting on inputs 2. 6, and 10 
are allowed to pass through the first set of diode 
switches in their path.

The output deck has the same circuitry as the 
three input decks. The output signals, which are 
now inputs to the output deck, arc applied to the 
diode networks labeled C R I0I, CRI02, and 
CR103. The only way that these inputs may pass 
through the diode networks is to have a. change 
of potential across the first scries of diodes. When 
input 1 on the B counter is at a low voltage, a 
voltage drop across resistor R I2 is sufficient to 
allow diode CRI0I to conduct. This allows the 
information waiting on its input to enter the 
deck and be felt across diode CR104, and then 
to the output.

The series of pulses out of the commutator 
must be in the proper order and of a definite time 
length. To insure this, a clock timer is used. The 
clock timer usually consists of an astable multi
vibrator and logic circuits. The multivibrator con
trols the time for each information pulse and the 
logic circuits make sure that the proper commuta
tor output is trigggered for output.

Transmitter Unit; RF Power-Amplifier Unit

Figure 12-21 shows that a transmitter unit uses 
the composite output of frequency-modulated sub
carrier oscillators to frequency-modulate an RF 
signal produced by the transmitter. The modulated 
signal is then multiplied in frequency and ampli
fied for transmission. The center frequency of the 
RF carrier is adjustable within the range of 1435- 
1540 MHz and 2200-2300 MHz.

Most RF transmitter units are low powered 
(about 3 watts). The output of the 3-watt po^vr- 
amplifier stage can be fed. directly into . .J 
such as □ quarter-wave antenna, or it can be 
to drive an amplifier of higher wattage output. A

- 3  WATTS

Figure 72-21. Transmitter Unit
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filler box surrounding the cable that contains alt 
inputs and power leads reduces the possibility of
RF leaking back to the other units of the system.

>

A ntenna

The antennna generally used with an FM/FM 
telemetry system is a quarter-wave stub antenna. 
It is suitably mounted beneath the missile to 
radiate power in an unobstructed path to the 
ground station receiver.

AMPLITUDE-MODULATED (AM) 
TELEMETRY SYSTEMS

Amplitude-modulated (AM) RF-carrier telem
etry systems are used in some industrial appli
cations in which the data requirements are not 
critical and in which the information samples can 
be averaged over relatively long periods of time. 
By averaging over long periods of time, the ef
fects of noise and interference can be minimized.

Such data as water levels in reservoirs, fuel 
levels in storage systems, YES and NO data (in
dicating action or lack of action), and opening 
and closing of electrical circuits can be tele
metered by AM systems.

However, in telemetering data from research 
missiles, many data samples of widely differing 
characteristics must often be taken in a brief 
period of time and under widely differing condi
tions of temperature, pressure, acceleration, etc. 
These data must be transmitted with the highest 
degree of accuracy even though the sampling times 
arc usually short and physical condition measure

ments arc complex. To insure the greatest ac
curacy of such data* FM/FM systems or pulsed 
radar systems are used rather than AM systems.

The intelligence conveyed by the RF carrier 
in an AM system is represented by the amplitude 
of the carrier. Any change in carrier amplitude 
produced by static or from sources outside the 
system might be mistaken for changes taking place 
at the data-pickolf points. This results in erroneous 
interpretations of raw telemetry data at a ground 
receiving station.

Circuitry of AM telemetry systems follows con
ventional lines and resembles that of the usual 
AM radio-comnnmication systems. Some synchro
nized switching and timing system must be em
ployed so that the amplitude variations of the 
received signal at any given instant may be iden
tified with the channel or data source being 
sampled at that particular time. For this pur
pose, a commutator unit similar to that used in 
an FM /FM  system is employed.

Received data arc recorded on tapes or charts 
by recording meters which employ time-division 
roll charts. A functional block diagram of an 
AM telemetry system appears in figure 12-22.

TELEVISION TELEMETRY SYSTEMS

The visual presentation of certain forms of 
data collected and monitored during in-flight tests 
was. originated for testing high-speed aircraft. 
Television cameras could be mounted to take pic
tures of aircraft instrument panels and record 
the dial indications of Important instruments. In

Figure 12-22. Functional Diagram of AM Telem etry System
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addition, cameras could be focused upon im
portant control surfaces to delect Haws in their 
operation during various maneuvers of the air
craft. Continued reductions in the weight and size 
of ihc cameras make them an ideal data collection 
system for the larger ballistic and aerodynamic 
missiles.

An excellent example of television telemetry 
is the system used during the flight testing phases 
of NASA's Centaur missile. This missile is in
tended to be orbited about the earth as well as to 
place instrumented capsules on the moon or other 
planets. Since the Centaur is the first missile to be 
fueled with liquid hydrogen, a television camera 
was mounted on the fuel cell bulkhead to study 
fuel reaction. In this position, video data is 
gathered every 2 seconds and recorded on mag
netic tape. The video signal is relayed back to 
the ground station monitoring the Centaur and 
converted to television and motion pictures for 
a detailed study of liquid hydrogen. A 100- 
kilowatt strobe light is used for each television 
exposure in the vehicle.

Missile manufacturers have used a form of 
television coverage in their landlinc or hardwire 
instrumentation for some time in static testing 
their missiles. Studies of the exhaust flame of the 
propulsion unit with respect to flame length, 
shape, luminosity, and shock-wave pattern can 
be made by closed television circuits. Results of 
such studies aid in determining the effectiveness 
of engine nozzles, fuel ignition, thrust control, and 
propellants. The use of television units permits 
closeup views of propulsion units running at 
maximum thrust levels which would be dangerous 
to human observers because of th accompanying 
high temperatures, light, and no; :.

Television telemetry systems have also been 
used in satellite vehicles such as the Tiros series. 
Primarily a weather satellite, Tiros television 
cameras have taken thousands of pictures of the 
clouds that continually cover the earth’s surface. 
Studies of such clouds are made to detect the 
formation of hurricanes and to monitor the paths 
of fully-developed hurricanes from their places 
of origin. Ordinarily, television systems for aero
space vehicle instrumentation do not include a 
sound channel; therefore, only the components 
for video transmission and reception are needed. 
A simplified block diagram of a typical television
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telemetry system is shown in figure 12-23.
Present-day video systems use an amplitude- 

modulated carrier, which is susceptible to inter
ference of an AM nature. If the system is used 
to televise meters and panel instruments, distor
tion of the picture is not a critical factor as long 
as the meter readings arc visible. If structural sur
faces are being televised, distortion might be in
terpreted erroneously as variations of the structure 
itself, fo r  example, a “jittery” picture might be 
interpreted as a view of vibrating surfaces, and 
nonlinearity of the picture might be interpreted as 
the effect of strain on the surface being viewed.

These latter defects con be overcome by use of 
positive reading gages and indicators whose abso
lute readings are shown on the viewing screen 
rather than a view of the structure or surface it
self.

SECTION C

f?edi/cf/on of Telemetry Data
This section is concerned with data reduction 

or, in other words, the methods used for chang
ing telemetered raw data into usable form. Some 
types of equipment used for this are antennas and 
receiver calibration equipment.

TELEMETRY GROUND STATIONS
A block diagram of an FM /FM  telemetry sys

tem, greatly simplified, is shown in figure 12-24. 
The diagram includes both transmitting and re
ceiving sections of the system. In FM /FM  telem
etry systems, the frequencies of a number of 
audiofrequency subcarricr oscillators arc varied 
in accordance with the variations of the quanti
ties being measured. These frequencies or tones 
are mixed and then used to frequency-modulate a 
high-frequency transmitter. This arrangement is 
rt presented by the upper half of the diagram.

The signal thus produced is received at the 
ground station, illustrated in the lower part of the 
diagram, by a superheterodyne FM receiver which 
reproduces the mixed subcarrier audiofrequencies 
and then separates them by means of the discrim
inators. The individual subcarrier frequencies are 
converted into I X '  currents that vary in accordance 
with the variations of the original quantities be
ing sampled by the pickoffs and transducers in 
the research missiles.

1 July 1972
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Figure 12-25. Functional Diagram of Telemetry Receiving and Recording Station
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These currents, in turn, operate galvanometers 
in a recording oscillograph or other devices which 
produce a permanent record. The mixed output 
of the receiver is also recorded on a tape recorder 
tor future study or for insurance against failure 
of the recording oscillograph. Nominal radio fre
quencies used are 1435 to 1540 MHz and 2200 
to 2300 MHz.

The audio subcarrier-oscillator frequencies used 
are in the range of 400 to 165,000 Hz. As many 
as 2 1 subcarriers are used. The deviation of each 
subcarrier is limited to -±1XA  percent of the 
center frequency to insure stability of operation of 
the subcarrier oscillators. On the 8 highest sub
carrier-oscillator frequencies, the deviation allow
ed is =  15%. In some instances, two telemetry sys
tems are employed, each operating on a different 
RF frequency.

Figure 12-25 shows in more detail, and from a 
functional standpoint, the major components of 
a typical ground installation for receiving and 
recording the telemetry signals.

The signal from the transmitter is picked up 
by an antenna and conducted to the receiver;

1 July 1972

there it is amplified and demodulated. Then it is 
passed on to the system's subcarricr-discriminator 
units as mixed audio tones. An alternate signal 
of mixed tones of known frequency from the 
calibration oscillator (test equipment not shown 
in the illustration) can bo switched into the sys
tem in place of the receiver output to calibrate 
the data reduction and recording system.

The mixed tones from either the receiver or 
the calibration oscillator are connected through 
the mixer to a tape recorder for raw-data storage 
and to a bank of subcarrier discriminators, «. ne 
for each subcarrier band used.

Before launching a test missile, all downrange 
tracking stations and their instruments are syn
chronized with respect to time. After synchroniza
tion, coded timing signals that are repeated at 
certain rates are transmitted from the master 
station. Basically, six types of time codes are 
available, and all are presented serially iq a form 
which may be recorded by a magnetic recorder 
or photographic recorder. Figure 12-26 shows in 
a simplified form the manner in which timing 
serves a missile test range. Note how the firing

A FM  52-31

SUBMAHINE RADIO
CABLE LINK

Figure 12*26. General Timing and Firing System Block Diagram
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system . is integrated within the timing system 
-incc a firing signal, transmitted through a start 
control line, activates many of the tracking instru
ments.

Synchronizing timing signals tire inserted through 
the timing-pulse generator, providing the record
ing equipment with accurate time-interval refer
ence. The discriminators separate the channels 
and convert frequency variations of the bands 
into DC currents. The DC currents, in turn, op
erate th e . recording instruments. The raw data 
stored on the tape recorder can, at any future 
time, be played back through the discriminators 
to produce an oscillograph record.

Outputs of the discriminator units consist of 
data which are continuous in nature and data 
which are commutated. One output is a combina

tion of both types. The combination output is 
desirable for aiding in the selection and separation 
of a desired tone signal. Note that both continuous 
and commutated signals eventually reach and are 
displayed on the operator’s console.

Superheterodyne FM receivers, similar to that 
shown in figure 12-27, are used at ground sta
tions.. The input impedance of these receivers is 
set at 52 ohms for ihe specific operating frequency. 
The incoming signal is amplified in a 2-stage RF 
amplifier, converted to 105 MHz in a mixer by 
combination with the local oscillator voltage, 
and then amplified in the 3-stage IF amplifier. 
Local oscillator tuning only is employed.

The 105 MHz signal is amplified and clipped 
in the 2-stagc limiter, and the constant-amplitude,

INCO M IN G  FM SIGNAL

TUNING

Figure 12-27. Typical FM Tetemoicy Receiver
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frequency-modulated square wave is demodulated 
in a discriminator.

The first limiter is metered to determine the 
strength of the received signal. The DC voltage 
output or the discriminator indicates correct tun
ing of the receiver.

The demodulated signal from the discriminator 
is fed to two outputs— one output is connected 
to recording instruments, and the other to head
phones for aural monitoring. Each output has 
an independent gain control. A third output is 
connected to the rack output and operates a 
meter rectifier bridge to permit continuous moni
toring of the receiver level.

ANTENNAS USED WITH GROUND 
RECEIVER UNITS

Various types of antennas arc used in different 
ground station installations, depending somewhat 
on the type of antenna used by the transmitter 
and the angle of coverage of the radiated signal.

In figure 12-28 you see a helical-beam antenna 
which is quite efficient for FM /FM  carrier recep
tion and which is widely used with mobile ground 
receiver units. The text here is centered on this 
type.

This antenna was designed at the New Mexico 
College of Agriculture and Mechanic Arts. It 
consists of a helix which operates in the axial 
mode of radiation; that is, the helix is directed so 
that its axis is in line with the source of radia
tion (transmitter antenna). In this mode of op
eration, the field is at maximum in the direction 
of the helix axis and is circularly polarized, or

Figure 72-28. Ha//caf Beam Antenno

nearly so. The gain of the antennas is about 11 
decibels (dbs) when receiving from a circularly 
polarized antenna and about 8 dbs when receiv
ing from a linearly polarized antenna. The beam 
width between half-power points is about 36°.

When higher antenna gain is needed, three or 
four helix antennas can be used on a single base. 
These antennas are called respectively tri- and 
quad-helix antennas. The helix antennas are light
weight and good for mobile tracking stations 
where space and weight come at a premium price. 
For long range packages the helix antenna does 
not have enough gain, and some sort of parabolic 
antenna is usually used.

Three types of parabolic antennas arc common
ly used. All depend on the physical action of a 
parabolic surface focusing high frequency waves 
into a narrow beam. Figure 12-29 illustrates 
three common types of parabolic antennas. Of 
the three shown, the Cassagrain seems to be the 
best. The simple parabolic has some spillover of 
energy, and putting a preamplifier at the antenna 
feed point introduces structural problems. The 
horn, while very efficient, has to be quite large. 
The larger the antenna the more it will weigh, which 
makes it harder to move. Many of the parabolic 
antennas used for satellite instrumentation are 60 
and 85 feet in diameter. Even at this size, they 
are expected to follow the satellite on its track. 
These large antennas which weigh over 100 
tons, are still expected to make up to 360° around 
in 2 minutes and track a satellite with an ac
curacy of l/500th  of a degree.

R E C E IV E R  C A L I B R A T I O N  E Q U I P M E N T

Calibration of a telemetry receiving system is 
accomplished by substituting (for a received sig
nal of mixed audiofrequencies) a number of sig
nals of known frequency from the calibration 
equipment.

An oscillator for each band is designed to pro
duce any one of three frequencies. The desired 
frequency can be selected by a switching arrange
ment. The three frequencies used are the channel- 
center frequency and the upper- and lower- 
limit frequencies for the channel (center frequency 
:fc 7Vi percent).

When the frequencies are recorded in time se
quence, a 3-point calibration is obtained. The
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Figure 12-29. Porobo/icA nfennar

telemetry equipment produces data that are linear 
enough so that no other calibration is required. 
By means of ganging the switches from all cali
bration oscillators, simultaneous calibration of 
all channels is obtained.

The output of each calibration oscillator is 
Ted into a combination 'mixer and amplifier stage, 
as showii in figure 12-30.

Calibration Oscillators
♦

In telemetry calibration, the calibration oscil
lator chassis provides space for plug-in oscillators, 
as well as for circuitry for mixing the outputs of 
all the oscillators. The calibration oscillator for 
each channel is built on its own plug-in 
chassis. Electrically and mechanically, the os
cillators are identical except for a tuned circuit. 
Each tuned circuit is a plug-in unit of its respec
tive oscillator. This design provides for a quick 
change of units in case of a failure. A spare unit 
for each channel is always kept available, making 
it unnecessary to disable the entire ground telem
etry equipment to repair a single oscillator.

The 5-position calibration switch is located in 
the center of the control panel. It is used to switch 
the frequencies of each oscillator between HI, 
MID, and LO. All oscillators are switched si
multaneously. In addition, this switch connects 
the receiver to the system. The receivers are con
nected when the switch is in cither end position. 
In the three middle positions, a calibration os
cillator is connected to the system and supplies 
either the high, middle, or low frequencies as 
required.

Discriminator Units
A discriminator, or frequency-detector, is 

necessary to convert the mixed audiofrequencies 
from the receiver output or from the calibration 
oscillators into currents that vary in accordance 
with the changes in frequency in each channel.

Each discriminator, with its associated compo
nents, is mounted in one plug-in unit. Each plug
in unit contains an isolation' amplifier, a. band
pass filter, a limiter stage, a specially designed 
discriminator, and an output filter.

The discriminator units are identical both me
chanically and electrically, with the exception of 
the frequency-sensitive components (bandpass 
filter, two discriminating condensers, and Iowpass 
output filter) which are separate plug-in units. 
As in the case of oscillators, this design permits 
rapid replacement of defective units without shut
ting down the entire system. Also, a discriminator 
plug-in unit can be readily adapted to any chan
nel by inserting the proper frequency-sensitive 
components.

An additional advantage of having separate 
bandpass and output filters for a subcarrier dis
criminator is that channel playback characteristics 
can be changed rapidly. By changing channel 
characteristics, information can be retrieved that 
would not be available otherwise. Sometimes the 
subcarrier-oscillator in the instrumentation pack
age gets off center frequency. Changes in the input 
bandpass filter can correct this. If the subcarrier 
gets too noisy, changing the output filter to one 
with a lower frequency range or one with slightly 
different frequency characteristics will make data 
reduction much more accurate. If it were not for
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ihc plug-in units of the discriminators, ground 
stations would have to have a very large number 
of subcarrier discriminators, or else be limited in 
the number of channels they could process.

RECORDING DATA
Collecting and recording data from a guided 

missile can be readily accomplished by means of 
recording-type meters or by photographic means. 
Direct recording is the simplest anti most accurate 
method for obtaining flight data.

In some recoverable research missiles and cap
sules, direct-reading instruments using tapes for 
graphic or magnetic recordings are employed as 
auxiliaries to telemetry equipment. Photographic 
systems are also used. The data recorded on tape 
or film are used to check the data received from 
a telemetry system. In this way, not only con the 
flight characteristics of a missile be determined 
but also the accuracy of its telemetry system.

For some types of data w hich are subject to
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very rapid changes, suitable direct-recording de
vices have not been perfected; consequently, some 
kind of conversion link must be used between the 
data sources and the recording instruments. Fre
quency dividers or down counters arc example:, 
of such intermediate links for slowing down data 
to some deflnite proportionate rate which is within 
the range of a recording instrument.

Pan  R ecorder
A typical pen recorder, suitable for use in either 

a missile or a ground station, consists essentially 
of four main components: the case, the chart drive, 
the writing system, and the electromagnet assem
bly.

Electrically actuated, the instrument may have 
from 5 to 20 pens simultaneously recording the 
outputs from a like number of data pickoffs. Data 
are taken from sources whose information is of 
the ON-OFF, YES-NO type, indicating the times 
and durations of the data events and how many

AFM 52-31

D ISC R IM IN A T O R S 
(O N E  FOR EACH  

SUBCARRIER CH AN N EL)

Figure 72-30. Telemetry Receiver Co/ibrofion Equipment
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operations or changes occur. The recorder charts 
arc rectilinear— a characteristic which makes it 
easy to compare the times of various recordings.

Pen recorder charts arc rolls made of special 
grade paper. This chart paper can be obtained with 
or without time-calibration marks along its edges. 
The chart may be propelled by a self-contained 
synchronous motor clock, an external motor or 
timing machine, or by a combination of these 
devices.

Where time intervals must be measured ac
curately to less than 1 second, a chart speed of at 
least Va inch per second is used. Speeds from 
V* inch to 3 inches per second arc made possible 
by an external motor drive.

Three types of record patterns are obtained on 
the chart, depending on the relation of the length 
of time the pen is energized, the time the pen is 
deenergized, and the speed of the chart. These 
types are the rectangle, band, and impulse patterns 
which are illustrated in figure 12-31.

Since the drag of the pens on a strip chart is 
very light, the chart driving mechanism has ample 
power to overcome any drag which might produce 
a time error. Movement of the pens is laterally 
across the chart, and each pen is actuated by an 
electromagnet which receives its energy from the 
pickoff source.

Each electromagnet element can follow as many 
as 10 complete ON-OFF cycles per second, pro
vided the ON and OFF periods arc substantially 
equal. There must be at least 0.05 second of en
ergized time to allow the pen to complete its 
stroke reliably. IF the pen is normally energized, 
the deenergizing impulse must also last for at least 
0.05 second. The simplest method for actuating 
the electromagnet elements is by the direct appli
cation of voltage.

For data measurements involving changes of 
more than 10 cps. or very wide ranges of voltage 
variation, pen recorders are not suitable; thus, 
devices such as recording oscillographs are em
ployed.

Recording Oscillographs
A typical recording oscillograph contains up 

to 18 recording galvanometers. Each galvanom
eter deflects a beam of light across a roll of photo
sensitive paper in accordance with the output cur
rent of the data pickoffs or the output of receiver- 
data channel discriminators. Note the cutaway sec
tion of a recording oscillograph in figure 12-32. 
The photosensitive paper is rolled past the gal
vanometer light beam at a constant rate, producing 
a permanent record pattern on the paper, as shown 
in figure 12-33.

Figure 12-31. Type* of Record Patterns used for Sfrrp Charges
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R E C O R D IN G  A N D  
S C A N N IN G  LAMP 
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Figure 12-32. Crow Section of Recording Oscillograph

The recording oscillograph is a highly flexible 
instrument and is well suited to recording data 
from telemetry systems.

The time base for the recording is the speed at 
which chart paper is run through the recorder. 
The paper speed is continuously variable over a 
wide range, and a large selection of galvanometers 
is available, thus permitting the recording of many 
types of data.

Tape Recorder

In conjunction with a recording oscillograph, a 
supplementary recording device is used. The most 
commonly used type is a tape recorder.

This machine is used to record directly the 
output of the receivers and the calibration oscil
lators. The process is sometimes termed, raw-data 
recording.

Figure 72-33. Ojc/J/ogroph Record Patterns
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Raw-data recording possesses many advantages. 
If the oscillograph should fail, the tape-recorded 
data arc still available. If a frequency response 
which is different from that originally recorded 
on the oscillograph is desired, the original datum 
is available. When desired, different time bases 
(which call for different paper speeds) can be ob
tained by this process. Frequently, large numbers 
of crossovers of galvanometers are present on the 
original oscillograph recording. By repositioning 
the galvanometers and playing the tape-recorder 
data back through the system, any confusion of 
traces can be eliminated.

One of the most useful purposes of a tape re
corder is the playback, to the oscillograph, of only 
selected channels. The playback is sufficiently ac
curate to permit data reduction of the resulting 
record with greater ease than from the original 
oscillograph record.

The accuracy of recording and playback can be 
improved by using an external capstan amplifier. 
This insures constant tape speed (uniform time 
base) when recording equipment is supplied power 
from a gasoline-driven generator which may have 
poor frequency stability. A capstan am* Jifier also 
improves recording results when the equipment is 
operated from a commercial power source. Al
though accurate over long average periods of 
time, commercial power is subject to considerable 
variation and fluctuations for short time intervals.

An accurate reference tone is usually recorded 
on the tape along with the data. Variations in 
tape speed either in recording or in playback can 
be easily detected by noting any deviations in this 
tone. These variations can be detected by com
paring the frequency of the tone on playback 
against the tone generated. Accurate time lines 
can also be transferred from the tape to the oscil
lograph record by feeding the recorded reference 
tone to the oscillograph. This output may also 
be used (with appropriate amplification) to drive 
the oscillograph time-line motor, or it may be 
used to drive the pen recorder chart-drive motor.

Instrumentation recorders use tape speeds of 
ITa, 33A , IV2.1 15, 30, 60, and 120 inches per 
second (ips) for recording information on tape. 
These tape speeds were chosen to provide the 
maximum interchangeability between different re
corders and for guides when specifying airborne 
recorders. Notice, for instance, that all the tape

speeds arc multiples of those used on standard 
home recorders. The record/reproduce bandwidth 
of a recorder is stated at the highest recording 
speed because the reproducible bandwidth of a 
recorder is dir 'ctly proportional to the tape speed. 
A recorder capable of handling 500,000 Hz at 
120 ips will handle only 250,000 Hz at 60 ips.

Recorders are grouped into three groups ac
cording to their bandwidth. The three bands are:

1. Low band. Direct record response to 100,000 
Hz at 60 ips.
• 2. Intermediate band. Direct record response 

to 250,000 Hz at 60 ips or 500,000 Hz at 120 ips.
3. Wide band. Direct record response to 1.5 

MHz at 120 ips.
Most instrumentation recorders are used to re

cord a variety of signals. Some are slowly chang
ing in amplitude. Some change so slowly that they 
cannot be recorded because the recorder does not 
respond to a frequency which is that low. For 
other signals, the leading and trailing edge of a 
pulse is significant while the interval between is 
relatively useless. One amplifier is not sufficient 
to record all these signals equally well. To over
come this problem, the input and output amplifiers 
of recorders are plug-in units which can be 
switched around to provide the best recording 
characteristics for that particular signal.

The direct record method of recording signals 
is not only the basic way but is also the one with 
which you are most familiar. Home recorders use 
this method. The recording of the signal in a direct 
record system is accomplished by introducing the 
signal into a record amplifier. The basic require
ment of the amplifier is that it be able to accept 
the wide frequency spectrum of the composite 
signal.

For some signals it is not desirable to record 
direct. For these signals, a technique called FM 
recording is used. The FM technique uses an os
cillator that is FM modulated by the incoming 
information. To reproduce the information the 
reproduce amplifier must demodulate the FM 
carrier.

When recording pulses, the times of the leading 
and trailing edges of the pulse are the most im
portant because no information is carried in the 
amplitude of the pulse. The record amplifier is 
not only an amplifying circuit but also a differen
tiating circuit. A block diagram is shown in figure
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RECORD
HEAD

figure 12-34. Pu/sa Recording and Reproducing

12-34. The record amplifier differentiates the lead
ing edge of the pulse to a sharper pulse of less 
duration and records it. The same is done to the 
trailing edge. The result is that on the tape there 
are two pulses for every information pulse. The 
reproduce amplifier has a multivibrator that is 
turned on and off by these two pulses. The output 
of the reproduce amplifier is a pulse of the same 
duration as that of the original signal.

Auxiliary Equipment for Data Reduction
In addition to the galvanometer recording os

cillographs and tape recorders, auxiliary equip
ment and circuits for data reduction and evalua
tion are employed.

Determining F ield Strength of R eceived 
Signal. Knowing the field strength of a received 
signal is useful in determining if the system is 
functioning properly. For this purpose, the auto
matic gain control (AGC) current is available. 
This current is passed through a milliammetcr 
(mounted on the antenna pedestal or near the 
antenna) so that an indication of the meter can 
serve as a guide in positioning the antenna.

After proper attenuation, the current is passed 
through a galvanometer in the oscillograph for 
recording along with other data.
Calibration of a field-strength trace is accom

plished by inserting known levels of signals from 
a suitable signal generator into the antenna plug 
of a receiver. The galvanometer attenuator is set 
to give adequate deflection with high signal level.

Then, various levels are recorded to provide de
flection vs signal strength data.

Providing T iming Signals. A central ground 
station at a missile test range usually provides 
timing signals for use by all participating stations. 
These signals are recorded by each recorder used. 
The timing signals used are controlled by I RIG 
standards although there is some difference from 
range to range of the particular liming codes 
available.

At the Air Force Eastern Test Range, the Tim
ing System is a complex of independent central 
timing systems located at instrumentation stations 
throughout the Eastern Test Range, These sites 
fall into the following categories: Ground Sta
tions, Instrumentation Aircraft, Ocean Rang. 
Vessels, Sub-Central Installations, and Mobile In
stallations.

Range time is synchronized to transmissions of 
the East Coast Loran Chain which is steered by 
the U.S. Naval Observatory or with transmissions 
of the National Bureau of Standard; station WW'V 
which is periodically synchronized with ti: 
information from the U.S. Naval Observatory 
basic oscillator frequency is subdivided into • • 
repetition rates, and both 24-hour and l-% .
recycle codes are accumulated.

The correlation accuracy at instrumental n 
sites within 1000 feet of the timing generator s 
equal to the central timing accuracy plus a i: 
surable delay of less than 10 microseconds. N. 
remote sites are served through the timing distri
bution systems and timing terminal units. Signals
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sent through the audio cable distribution system 
provide end accuracy greater than 1 millisecond 
at Cape Kennedy, Grand Bahama. Eleuthera. 
Grand Turk, Trinidad, and Antigua; and in excess 
of 6 milliseconds at Ascension and Pretoria. 
Where the UHF radio timing distribution system 
is used, the end signal accuracy is equal to the 
timing generator accuracy plus a delay of 10 
microseconds when a terminal unit is used. Where 
relay closures arc involved, an additional delay 
of 20 milliseconds or less is incurred.

The specific time code formats available are:
• 1R1G time code formats A, B, D, C, and E.
• NASA codes for Apollo ships and aircraft 

only.
• Continuous Pulse Repetition Rates: Thirty- 

three rates, ranging from 1 pulse per hour to l 
mpps, are used for synchronization of instrumen
tation with range time and for interpolation of 
time-coded signals.

• Continuous Sine Waves: Ten continuous sine 
wave frequencies ranging from I Hz to 5 MHz, 
whose zero crossover points are phase locked with 
other time codes and repetition rates.

P a t c h  B o a r d s . Even though ground stations 
are large and complex, they are very versatile in 
the different types of support that they can give, 
The flexibility comes from the independence of 
each piece of equipment. All equipment in a 
ground station is designed for certain types of sig
nals in and certain types of signals out. Depending 
on the type of program being run, the various 
needed types of equipment will be connected to
gether by means of patch panels.

Figure 12-35 shows a typical patch panel that 
could be found at a ground station. This patch 
panel controls two receivers (RCVR #1 and 
RCVR #2), a tape recorder (Recorder A), a telem
etry indicator (TM IND), an oscillographic re
corder (Light Beam RCDR), a pen recorder
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IN IN  OUT OUT
3 4
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o o o o o o o o o o o
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1 1 2 3 4 5
1-------- ------ SCD BANK 1 -------------- 1 1------------ SCD BANK 2 --------------1 ----------------------SCD  CHANNEL OUT BANK 1 ---------- ------- 1

0 0 0 0 0 0 0 0 0 0 0
1 2 3  4 5 6 7 8 . 9  10 I I

-------------------------------------------------------------- SCD CHANNEL OUT DANK 2 ---------------------------------------------------------------------

O O O O O O O O O O O
■ PARALLEL 1 -PARALLEL 2 PARALLEL 3 ■

Figure ?2-35. Patch Panel
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Table 12-1. Telemetry RF Configuration

RF L IN K  C O N T A IN S

# 1  SC O  Chonnel* 3. 9. 12, 0 , H

M2 S C O  Channel* 1. 4. 6, 8. 1), 13, 8, 0. F, H

fob/* 12-2. Station Configuration

SC D  BA N K  # 1  C H A N N E L

Poi i .................. ................  3

Poi 2  .................... ................  9

Po i 3 ..................... ...............  H

Po i 4 ..................... ............ 0

Po* 5  ...................................  12

S C D  B A N K  # 2  C H A N N E L

Pot 1 ..........................................  P

Pot 2 ............... .....................  ... 13

Pot 3      D

Po* 4 .......... ...............................  H

Pot S ....    6

Po« 6  ......................................... B

po* 7   a
Poi 8 ................................  1

Po* 9  ..........................................  11

Po* 10   4

O N  TAPE RECOROER T R A C K  RECORD

1 ....................................................RF Link M 1

2  .................................................... RP lin k  # 2  SC D  C h  H

3 ....................................................RF Link #1  S C D  Ch  D

4 .................................................... R f link  M2 S C D  C h  B

5  .................................................... Rf Link # 2

6 ....................................... ...........RF link #1 SCD Ch H

........... Blonk

O N  LIGHT BEA M  RECORDER RECORD

Ch )  ............................. . . RF link #1  * SCD Ch 0

Ch 2  ............................  .. .......... RD  link *2 S C D Ch P

O N  DIRECT W RITE RECORDER RECORD

Rf link M2 S C D Ch 4

(Direct Write RCDR), two sets of subcarrier dis
criminators (SCD Bank #1, SCD Bank #2, SCD 
Channel Out Bank #1, and SCD Channel Out 
Bank #2). The parallel outputs at the bottom 
make possible the routing of information to more 
than one destination.

All the input and output markings on the patch
board are self-explanatory except for the SCD 
banks. Each SCD bank contains several positions 
for SCDs; for example, SCD Bank #1 in figure 
12-35 has five spaces. The SCD channel that is 
in any particular position is entirely dependent 
on which SCD channel you place in that slot. For 
the test set up on the patchboard in the following 
paragraphs, slot number 1 contains SCD channel 
3, slot number 2 contains SCD channel 9, slot 
number 3 contains SCD channel H, slot number 4 
contains SCD channel D, and slot number 5 con
tains SCD channel 12. Also notice that there are 
three inputs to the SCD banks. These are parallel 
inputs to the whole SCD bank.

There is no correct way tp make the connections 
on a patchboard, except that when the board is 
patched the signal flow should be as specified by 
the test conductor. Table 12-1 is a list of signals 
from a missile. Table 12-2 is an example of ground 
station configuration and signal flow specifications 
that may be requested by a test engineer. Table 
12-3 is a list of patches that you could use to set 
up the specifications in table 12-2.

ToJbfe 12-3. Patches N eeded  to Configure Ground 
Siotion to  Specifications in Tables 12-1 and 12-2

FRO M  TO

RC VR  #1  Owl ................................. S C D  Bonk #1

RCVR  # 2  Out ...................................SC D  Bonk # 2

S C D  Bonk # 1  ................................... Recorder A  In #1

S C D  Chonnel O ut Bank M2  Po i 4  ...... Recorder A  In  M2

S C D  Channel O ut Bonk # 1  Poe 4  . . Parallel M 1

Parollel M l  .........................  ........  Recorder A  In # 3

SC D  Channel O ut Bank # 2  Po* 6  ..... Recorder A  In  # 4

S C D  Bank M2  ................................... Recorder A  1n M5

S C D  Channel O ut Bonk #1  Pot 3 Recorder A  In M 6

Parallel #1  .....................................  Light Beam RCDR Ch 1

S C D  Channel O ut Bonk # 2  Pot 1 . ligh t Beam RCDR Ch 2

SCO  Channel O u t Bank M2 Pot 10 ... Direct Write RCOR
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By Order o f  the Secretary o r the Afr Force

O f f i c i a l JOHN D. RYAN. General, USAF 
Chief of Staff

DWIGHT W. COVELL, Colonel, USAF 
Director of Administration

----------------- — ---- Summery of Reviled, Deleted, or Added Materiel------------------------

Chap It Introductory paragraphs rivlud lo p<«i«nt current events? douificaiioo of guided miisiles vpdflltd. 

Chop 2i UiiRittttocy information deleted and mcdc<n concepts added.

Chap 3i Detailed operation of pulse jet d ilittd and mor* Information o n  now* r  propulsion lyiltfRi added. 

Chap 4 i Treatment of transistor theory updated.

; Chop Ji Pneumatic epirofid control system dil«!id; control systems JMd in ballistic missiles added.

Chap 6  and 9 t Mora solid itote circuitry pm in lid  In guidance iyit#m«a
, •

Chop 9i Several currant guidance systems presented? actual system utod in AIM-dA Paken explained from a 
signal flow analytic radar and Infrared systems ai applied lo A IM  missiles presented; actual inertial guidance 
system presented to show various function! of components and how they depend on each olhor— principle! 
can bo opplied to all inortlal typa goldad missiles; obsolete shanlde guidance system deleted although 
principle* of udng hyperbolic lines li retained.

New chop H i  Introduces development and bask principles of laser operation/ explains uses of lasers and 
their application to missiles*

Chap 12 (former chap 11): Revised to Inc’udo developments on collection and interpretation of te*t data in 
missile and satellite programs.

New Alch It Provides ready reference to more important missiles in combined services inventory.
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Department of Defense 
Guided Missiles

This attachment lists in numerical order many, 
but not all. of the guided missiles used by the 
combined services. Most of the belter known mis
siles arc listed with the exception of those that 
are obsolete or obsolescent. Not listed are some 
of the later missiles that are classified, and those 
that are in limited use.

RIM-2E, F (Terrier)
Navy (Surface-to-air)
Designed for shipboard use, the missile has a solid 
rocket booster and solid propellant rocket sus- 
tainer. Guidance is by a semiactive radar beam- 
rider homing system. The two-stage missile mea
sures 57 feet in length.

AIM-4 A (Falcon)
Air Force (Alr-lo-air)
The A1M-4A is one of the family of Falcon inter
cept missiles. Propulsion is by a solid propellant 
rocket of very short burning time. Guidance is by 
a semiactive radar homing system.

AIM-4F (Falcon)
Air Force (Air-to-air)
The A1M-4F is an improved intercept supersonic 
missile with solid propellant and semiactive radar 
homing system.

AIM-4G (Falcon)
Air Force (Air-to-air)
The AIM-4G is an improved intercept supersonic 
missile with solid rocket propellant and passive 
infrared homing system.

RGM-6 (Regulus I)
Navy (Surface-to-surface)
The Regulus is an air-breathing missile, using a 
turbojet engine. The missile uses inertial guidance. 
This 34-foot long missile was designed for ship
board launching from a submarine. A later version 
of the Regulus is the BQM-6C, capable of being 
launched from more than one environment.

AIM-7D, E (Sparrow III)
Navy/AF (Air-to-air)
The Sparrow is a solid fuel supersonic missile ap
proximately 12 feet long. Guidance is by a semi
active CW homing system. Range is about 8 
nautical miles.

YA1M-7F (Sparrow)
Navy/AF (Air-to-air)
The 7F model is an advanced solid state version 
of the 7E and has greater range, performance, 
reliability, and larger warhead.

R1M-7H (Sparrow 111)
Navy (Surfaca-to-air)
The RIM-7H is the surface-to-air version of the 
AIM-7E. It is launched by solid propellant booster 
and guides to target by semiactive homing. The 
RIM-7H has improved guidance, folding wings, 
and clipped fins.

RIM-8F, G (Talos)
Navy (Surface-to-air)
The Talos is a supersonic missile designed for 
long-range fleet air defense. It has two stages with
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an overall length of 30 feet. The Talos has a 
solid propellant booster with a ramjet sustainer. 
Guidance is accomplished by beam-riding to the 
target area, then semiactive homing in terminal
phase.

RGM-8H (Talos (ARM))
Navy (Shlp-to-surface)
This missile is similar to the RIM-8G except it 
uses an advanced terminal guidance system. Pro
pulsion is by solid propellant booster with ramjet 
sustainer.

AIM-9B (Sidewinder)
Navy/AF (Air-to-air)
The Sidewinder is a supersonic, solid propellant 
missile. The missile length is 9.5 feet and weight 
is about 185 pounds. Infrared passive homing 
system is used.

CIM-TOB (Bomare)
Air Force (Surface-to-air)
The Bomare. is a long-range intercept missile 
ground-controlled by SAGE. Propulsion is by 
solid propellant booster with ramjet sustainer. R a
dar homing is used for terminal guidance.

CQM-10A (Bomare)
Air Force (Surface-to-air)
The CQM-10A is the Bomare missile modified to 
drone configuration.

AGM-12B, C (Bull pup)
Navy/AF (Air-to-surface)
The Bullpup is a short range missile used against 
small defended targets. These 11- and 13-foot 
missiles use a prepackaged Jiquid-propellant en
gine. Radio-link command guidance is used,

CGM-13B (Mace-B)
Air Force (Surface-to-surface)
The Mace-B is a long-range missile designed to 
be launched from a hardened site. An all-inertial 
guidance system is employed. This missile mea
sures 44 feet In length with a wing span of 22.5 
feet.

MQM-13B (Mace-B)
Air Force (Surface-to-surface)
The MQM-13B is the CGM-13B modified for use 
as a drone.

MIM-14B, C (Nike-Hercules)
Army (Surface-lo-air)
The Nike-Hercules is a high altitude missile with 
primary ground-to-air mission and secondary sur- 
face-to-surfacc mission. This large intercept mis
sile uses a solid propellant and is guided by 
command control (target-tracking radars).

RGM-15A (Rteulus II)
Navy (Ship-to-iurface)
The Rcgulus II is a large inertial guided missile 
using a solid rocket booster and turbojet engine.

AOM-20C (Quail)
Air Force (Air-launched)
The Quail is an air-launched, bomber decoy mis
sile. Used to simulate the B-52, the Quail is 
guided by a gyroscopic autopilot and powered by 
a turbojet engine.

XM1M-23B (Hawk)
Army (Surface-to-air)
The Hawk is a low-altitude defense intercept mis
sile with semiactive radar homing and a dual- 
stage, solid-propellant propulsion system.

RIM-24 B, C (Tartar)
Navy (Surface-to-air)
The Tartar is a ship-launched missile used for 
fleet defense. Guidance is accomplished by a radar 
semi-active homing system. The dual-bum solid 
propellant provides a speed of Mach 2 over a 
range exceeding 10 nautical miles.

1GM-25C (Titan II)
Air Force (Surfaee-to-turface)
The Titan II is a silo-launched ICBM with a range 
of over 6,300 nautical miles and speed of over
16,000 mph. The Tital II usis liquid propellants, 
two engines for first stage and one engine for 
second stage. Guidance is all-inertial.

AIM-26A, B (Falcon)
Air Force (Air-to-air)
The AIM-26 is a supersonic missile with solid 
rocket propulsion and radar semiactive seeker 
guidance. The missile is designed for a nuclear 
warhead.
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UGM-27A, B, C (Polarie)
Navy (Surface-to-surface)
The Polaris is a strategic missile fired from sub
merged submarines. The missile carries □ nuclear 
warhead; has solid propellant propulsion, and is 
guided by an all-inertial system.

AGM-28A, B (Hound Dog)
Air Force (Air-to-surface)
The Hound Dog is a supersonic strategic medium- 
range missile. Range is over 600 nautical miles. 
Guidance is by an all-inertial system. Propulsion 
is by a turbojet engine.

MGM-29A (Sergeant)
Army (Surface-to-surface)
The Sergeant is a single stage, field artillery type 
ballistic missile. Its length is 34.5 feet and its 
weight 10,000 pounds. Propulsion is by solid 
propellant. Speed is supersonic over a range of 
25 to 75 nautical miles. The missile uses an all- 
inertial guidance system.

LGM-30A, B, F, G (Minuteman)
Air Force (Surface-to-surface)
The Minuteman is a three-stage, solid propellant, 
silo-launched ICBM. The guidance is all-inertial. 
Range is 6000-7000 nautical miles.

XMGM-31A (Pershing)
Army (Surface-to-surface)
The Pershing is a two-stage, solid propellant, 
ballistic missile. The missile travels at supersonic 
speed, guided by an inertial system. Missile is 
launched from four-tracked vehicles for mobil
ity. Range may be selected between 100 and 400 
nautical miles,

MGM-32A (ENTAC)
Army (Surfaco-lo-surface)
The ENTAC is a solid propellant, wire-guided 
anti-tank missile. Speed is about 180 mph with a 
range of 6,600 feet.

XBQM-34E (Flrebee)
Navy (Drone)
The Firebee is a turbojet, high-altitude, super
sonic aerial target. It provides a realistic high 
performance aerial target capable of simulating 
enemy aircraft.

1 July 1972

XF1M-43A (Redeye)
FIM-43C
Army (Surface-to-air)
Using an infrared seeker and an electromechani
cal guidance device, the Redeye seeks out and 
destroys low-tlving enemy aircraft. The weapon 
is carried and launched by one man.

UUM-44A (SUBROC)
Navy (Underwater-lo-underwater)
The SUBROC is a supersonic, anti-submarine 
solid rocket with inertial guidance. It is fired from 
submarine torpedo tubes, leaves the water in flight, 
reenters the water and sinks to a pre-determined 
depth to detonate.

AGM-45A (Shrike)
Navy/AF (Air-to-surface)
The Shrike is a solid propellant, short-range mis
sile designed for firing by attack aircraft against 
enemy radar-controlled air defenses and radar in
stallations. This anti-radiation missile uses a pas
sive radar-homing guidance system with the target 
furnishing the guidance information.

XLIM-49A (Nike-Zeus)
Army (Surface-to-air)
The Nike-Zeus is a three-stage, solid propellant, 
command-guided anti-missile. It is designed to 
intercept and destroy hostile ballistic missile war
heads through the coordinated function of ground 
guidance and ground support systems.

MGM-51A, B, C (Shillelagh)
Army (Surface-to-surface)
The Shillelagh is a direct fire, command to line- 
of-sight guided missile powered by solid propel
lants. The missile is designed for infantry support 
against armor.

XMGM-52B, C (Lance)
Army (Surface-to-surface)
The Lance is a division support missile using a 
simplified inertial guidance system and pre
packaged, storable liquid rocket for propulsion. 
Range is from 3 to 30 miles,

AGM-53A (Condor)
Navy (Alr-to-surface) .
The Condor is a long-range electro-optical guided 
missile using a pre-packaged liquid propellant 
for propulsion.

AFM 52-31
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AIM-54A (Phoenix)
Navy (Alr-lo-air)
This'is a single-stage, solid propellant missile. 
The Phoenix has extensive range, altitude, and 
all-weather capabilities. Guidance by radar has 
both active and semi-active modes.

ZAGM-65A (Maverick)
Air Fores (Air-ta-surface)
The Maverick is an electro-optical homing mis
sile to be used against small hard targets.

YRIM-66A (Standard (MR))
Navy (Surface-to-air)
This is a surface-to-air supersonic missile with 
surface-to-surface capability for shipboard use. 
It uses a dual-thrust solid-propellant rocket motor. 
The continuous-wave scmiactive homing system 
is fully solid state.

YRIM-67A (Standard (Sft))
Navy (Surface-to-air)
The YRIM-67A is also a surface-to-air super
sonic missile with surface-to-surface capability 
for shipboard use. It uses a two-stage solid pro
pellant; a booster stage which separates after 
boost and sustainer stage. The CW semlactlve 
homing system is fully solid state.

AGM-69A (SRAM)
Air Force (Air-to-surface)
The SRAM is a supersonic, solid fuel missile 
capable of several flight trajectories. Design de
tails are classified.

XM1M-72B
Army (Surfaco-te-alr)
The XMIM-72B is a supersonic, IR seeker mis
sile accomplishing attack on low flying aerial tar
gets.

ZUGM-73A (Poseidon)
Navy (Surface-to-surface)
The ZUGM-73A is an incrtially-guided, solid- 
propellant ballistic missile, launched from a sub
marine at enemy land targets. Range is approxi
mately 2,500 nautical miles.

AGM-78A (Standard Arm)
Navy (Air-ta-surfaca)
The AGM-78A is a tactical anti-radiation missile. 
Propulsion is by pre-packaged liquid propellant. 
Guidance is electro-optical.
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Complex atoms.........................11-6
Composite guidance

systems ...........................9-80
Composite propellants ............ 3-8

Compressibility of gases..............4-1S
C o m p u te r ......................... .$ '2 7 ,9 -2 6

a n a lo g ....................... 6 '24, 6-3b
coding and deco d in g .. .  .6-24
d ig i ta l ....................... 6-25,6-11
functions ........................ . .5 - 4 5
integrators ........................... 5-15
mixers ..................... 5-27, 6 -. I
navigation ...........................9-35
rate com ponents..................5-40
u n its ......................5-27, 6-24

Conical scanning............,6-21,9-58
Conservation of matter.
Console, test.................^
Constant dive-angle system.. .9-76
Constant*speed m otor..
Constant true bearing (CTB). .9-61
Control, jet....................
Control matrix..............
Control, starting speed..
Control surface •

aerodynamic........
can ard ..................
dual-purpose........
external ................
primary................ ;
secondary ............

spoilers .............. .
tabs ......................
variable-incidence . ........ 2-25

Control systems
auxiliary . . . . . . . .
ballistic missile.. . .
checkout . . . . . . . . ........7-25
components.......... ..........5-1
definition ...............
electric..................
energy sources. . . .
hydraulic-electric .
pneum atic............
pneumatic-electric .
power sources. . .  j
requirements.............5-1.7-1

............................
Controller units.. .5-61, 6-75, 7-21
Coordinates

applications.......... ♦ 4 •« .8-16
Cartesian..............
celestial . . . . . . . . . r . -. - 8-14

geometric..............
guidance ..............
polar ....................
rectangular ..........
spherical ............................8-16

Coriolis fo rce ...................„ . 4-9, 8-9
Counting, computer. ........ 6-47
Course terms.............. .’......... 8-12
Critical angle of in c id en ce .. .4-28
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Cryogenic materials. . . 3 - JO. 11-35
Curves. trajectory.....................8-4
Cylindrical coordinates............8-15

*

D

Dalton's law ..............•................. 4-18
Damper . ........................ .. 6-15
Data reduction

auxiliary equipment,. . .  12-39 
Decoding,

computer units,. .  .6-24, 6-46 
Delay circuits........6-29, 6-50, 6-56
Demodulation, laser............ . 11-29
Development of

guided missiles.. . , ........... 1-8
Differential analyzer.. .  .6-25, 6-37
Differential selsyn...........5-22,5-33
Differentiator, rate

components........ ............ 5-40
definition................. .,..5 -4 2
RC amplifier.................... 5-44

Digital computer...........6-25, 6-41
Dihedral ‘............................ . , .2 -7
Dipole radiators...................   6-8
Direct-recording

. instrumentation........ . .12-35
Directional gyro.......................5-15
Discriminator .............   6-26

phase comparator.............6-33
pulse-recurrence

frequency ...................6-32
pulse-spacing.........................  6*30
pulse-width .....................6-26
units.................  12-34

Displacement gyro.. . .  .5-12,7-20
Donor atom.................   4-44
Doppler ........................ 4-70,9-82
Don ble-base propellants..........3-7
Drag .........................   2-3

b ase ............................. ..2-32
coefficient ...................   2-9
determination ...............   .2-9
friction............ ................ 2-32
induced ..................... ...2-10
parasite . , , , . J ............. ,2-10
profile ...............   2-11
reduction................. ....2 -1 5

Dual-purpose controls............ 2-24
Ducted engines...............   3-4
Dynamic loads...................  2-36
Dynamic servo

response checks...............7-29

E
Eccles-Jordan multivibrator. .6-48
Eddies ...................  2-3
Electric actuation checkout.. .7-26 
Electric actuators................. ,.5-72

Electric control system s..........7-21
Electric-hydraulic

control system s................... 7-3
Electric pickotf................................7-3
EIcctric-pncumalic

control system s....................7-11
Electrical point-to-point

checkout ............................. 7-27
Electrical p ro p u ls io n ................. 3-38
Electrical tim er............................. 5-48
Electromagnetic sensor...............6-6
Electromagnetic

theory of ligh t....................4-20
Electromagnetic w aves...............4-39
Electronic m ixer.........................5-28
Electronic rate c irc u its .. . . .  .5-43 
Electrons . . . . . . . . . . . . 4 - 4 2 ,  11-2
E le v a to r.........................................2-21
Emission

characteristics ............. ..1 1 -1 3
induced ........................... ,.1 1 -7
spectrum ............................. 4-30
stimulated ........................... 11-7

Energy
characteristics . . , . . , . . . . 1 1 - 7
d e fin itio n .............................4-10
g a p .....................................   11-5
kinetic ................................,4-10
levels .....................................11-4
potential .............................4-10
so u rc e s ....................................7-2
transfer ................................5-76

Engine
ducted system ........................ 3-4
pulsejet .......................3-5,3-20
ram jet .......................... 3-5, 3-21
lu rb o fa n .........................    .3-29
turbojet ...........   3-25
turboprop .........................   3-29

Engine-tachometer
switching u n it ....................12-21

E q u ilib riu m ..................................4-10
Erection, g y r o . . . , , , ............... 5-12
Error signals................  7-29
E t h e r ............................................. 4-21
Ethyl alcohol ............................3-II
Exhaust n o z z le .................3-17,7-15
Exhaust v e lo c ity ...........................3-7
External guidance reference. .6-53 
External instrumentation

system ..................   12-2

F

Falcon missile............ ...................9-61
Feedback am plifier....................6-38
Feedback units ............... 5-77,6-78
F is s io n .........................................10-11
Fixed camera ............................ 12-4
Flat tra je c to ry ...........................    8-7

Flight loads........................: .2-36
Flight terminology

airfoil.................................2-5
attitude .............................2-6
axis .................................2-7
camber.............................. 2-6
cathedral ...........................2-7
chord .................................2-6
dihedral.............................2-7
drag ..........................2-5. 2-9
lift .....................................2-5
stability ..................... , . . . 2-6
streamlines.................   .2-5
wing sp a n .................   .2-6

Fluorescence.......................... 4-32
Fluorine........ .........................3-13
F lu tter.....................................2-24
Flux gate compass.................. 9-55
Flux valve.............................. 5-14
FM loran ............................. 9-52
FM receiver...........................12-32
FM/FM telemetry systems.. 12-17

antenna..............12-26, 12-33
cam calibrator...........   12-21
commutator-gating

unit ...........................12-23
engine-tachometer

switching unit........ , . 12-21
fuel totalizer ................. 12-21
power-supply u n it ........ 12-21
RF power-amplifier

unit ...........................12-25
signal-converter unit . . .  12-21 
subcarrier oscillator

mounting u n it .......... 12-22
subcarrier oscillator

unit ...........................12-19
transmitter unit ..............12-25
voltage-controlled

subcarrier oscillator . .  12-22
Followup............ ....................7-11
Followup generator.................5-79
Followup loops.......... ..5-78
Followup u n its ........ .............. 5-77
Foot-candle............................ 4-22
Force

acting................................ 2-2
centrifugal.........................4-5
centripetal ....................... 4-5
Coriolis .................. . 4-9, 8-9
definition.......................... 2-3

Foucault's method .................4-25
Fragmentation warhead......... 10-8
Free gyro .................................5-9
Frequency changers...............6-54
Frequency detector............... 12-34
Frequency modulation (FM). .4-61 
Frequency-selective

amplifier ................. ,,..6 -70
Friction, boundary lay e r.........2-5
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Friction drag ............................. 2-32
Fuel, liquid ......................3-10.3-31
Fuel 'totalizer ........................... 12-21
Fusion ........................................I (M l
Fuzes for missile warheads. . ID-12

G

G.i Ilium-arsenide
laser ..................... 11*17, 11-27

Gas
atmospheric pressure . . .4 - 1 6
Avogadro*s l a w ..................4-19
Boyle’s l a w .........................4-18
compressibility ................. 4-18
Dalton’s law ......................4-18
d e fin itio n .............................4-15
h e l iu m ..........3-14
high p re s su re ...................... 3-14
kinetic t h e o r y ....................4-16
la s e r ................................... 11 - 11
mechanics of ....................4-15
n itro g e n ............................... 3-15
specific gravity ................ 4 - IS
v iscosity ....................   .4-19

Gaseous laser r a d a r ................11-31
Gales, c o m p u te r .........................6-47
Gating unit, com m utator . .  .12-23 
General laser

safety precautions . . . .1 1 - 3 5
Generator

amplidyne .......................5-64
followup .........................5-79

Geometric coordinates...........8-15
Germanium crystal ...............4-44
Goddard, Robert H...................1-3
Goniometer .................. 6-36, 6-60
Grain, propellant ..................... 3-8
Gravity

apparent .........    8-9
center o f ........ ................ 4-12
effects of, on trajectories. .8-9

Great circle ro u te ...................8-12
Ground stations, telemetry. .  12-28 
Ground support

equipment (GSH)......... 10-14
Guidance coordinates,

trajectories.........................8-1
Guidance methods ...................6-2
Guidance references .............6-53
Guidance systems.....................9-1

actuator units .................6-77
AIM-4A missile .............9-70
AIM-4D missile...............9-63
amplifier units ...............6-69
beam-rider ...............6-3,9-12
celestial ...................6-3,9-43
classification .........   9-2
command.................. 6-2, 9-3

composite ........................... 9-80
com puter u n i t s .................. 6-24
controller u n i t s .................. 6-75
feedback u n i t s .................... 6-78
gyro-stab ilized .................... 9-15
h o m in g ........................6-4 ,9-57
hyperbolic . . .  .6-3, 9-10, 9-49
in e r t ia l .............. 6-4, 9-15. 9-43
lo n g -ra n g e ........................... 9-15
magnetic ..............................9-55
methods ................................ 6-2
m ap m atch in g .......................9-54
preset .......................... .6 -2 ,9 -3
reference units ..................6-53
sensor u n i t s ........................... 6-2
sh o rt-ra n g e ..................9 -2 ,9-10
target approach ........... .,9 -5 7
term inal ..................9-57, 9-76
terrestrial .................... 6 -2 ,9-52

Guided missile
classification ..........................1-9
c o n fig u ra tio n .......................2-15
control .........................2-19,7-1
designators ............................ 1-9
desirable charac teristics .. .  l- l
development ..........................1-8
history .......................... .. 1 -3
operations .......................... 10-1
p ro p e llan ts ..............................3-6
stability ................................ 2-27
tra jec to rie s ..............................8-4

Guillemin l i n e ............................ 6-64
G yro stabilized

inertial g u id a n c e ............... 9-15
Gyroscope .................4-9, 5-4, 9-18

air bearing ...........   5-11
d ire c tio n a l........................... 5-15
d isp lacem en t..........,5-12, 7-20
d r i f t ......................................... 5-7
erection and

slaving c irc u its ................5-12
error .........................., , . . . 5 - 1 0
floated u n i t ......................... 5-10
flux v a lv e ..............................5-14
gimbal l o c k ........................... 5-7
horizontal ........................... 5-14
in te g ra tin g ..................   .5-11
laser ...................................11-32
.pitch c o n t r o l .........................7-5
precession .4-8, 5-4
rate ....................5 -7 ,5 -45 ,7 -20
r ig id ity .....................................5-4
roll control ........................... 7-4
$-1 directional control .,5 -1 5  
stable platform  . . .  .9-19, 9-21
types .......................................4-9
uses ......................................... 5-8
v e rtica l..............................   .5-13

Gyrosyn c o m p a s s ...................... 9-55

H

Harmonic m otion...................4-12
Heading demand circuit , , , .9-35
Heat barrie r...........................2-13
Helical beam antenna............12-33
Helical scanning.....................6-22
Helium gas ...................... 3-14
Helipot.....................................5-24
High pressure gases...............3-14
History of guided missiles . . . .  1-3

American rocketry............1-3
German rockets ............... 1-4
jet engines ....................... 1-4
World War I I ................... 1-5

Homing guidance
systems ...................6-4,9-57

Horizontal gyroscope.............5-14
Horn-type radiators ................. 6-8
Hydraulic accumulator .........5-71
Hydraulic actuation

checkout .............  7-26
Hydraulic actuator ............... ,5-66
Hydraulic-electric

control system...... ............ 7-3
Hydraulic m ixer....................5-35
Hydraulic pum p.....................5-69
Hydrazine ............................; 3-11
Hydrocarbon fu e ls ................. 3-12
Hydrogen atom ................. . .11-3
Hydrogen, liquid ................... 3-12
Hydrogen peroxide.................3-14
Hyperbolic guidance ...............6-3

system curves ................... 8-4
systems...................9-10,9-49

Hypersonic speed ................... 2-13

I

Iconoscope ............................. 4-41
Ignition system .............3-17,3-31
Impact fuze ........................... 10-12
Impulse, specific.......................3-6
Impulse, total ........................... 3-6
Incendiary warheads ..............10-9
Induced drag .........................2-10
Induced emission ........ ... 11-7
Inertia .......................................4-2
Inertia sensors .................. V..  6-15
Inertial guidance

systems.....................6-4, 9-15
Inertial guidance, terminal . ,  ,9-76 
Infrared image converter . . .  11-22
Infrared pickoff ........... 6-20
Infrared radiation........ . . . . .6 -1 0
Infrared sensor . . . . . ____, . . 6-10
Injection laser ..11-2, 11-20, 11-27
Injector...................................3-16, 3-36
Input units, computer ...........6-45
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Instrumentation .....................12-1
classification ...................12-4
■ lefiniiii'n ............................. 12-1
direct- • . . ' i n g .............. 12-35
VMcrn.ii ......................... 12-2
internal ................ ,....12-11)
optical e q u ip m en t............12-3
radar equipment............12-6

Integrated circuits .................4-54
Integrating accelerometer . . .  .6-18
Integrator................',,.5-35,9-16

action ...............    7-7
integrating gyro . , , , . . .5 - 4 0
Miller ............................ 6-72
R C .................................. 5-38
R L .................................. 5-40
thermal .............   5-40
use . ^.......................   5*36
variable-speed m otor---- 5-37

Intensity of light .................. 4-21
Intermittent engine ................... 3-5
Internal guidance references. .6-53 
Internal instrumentation

systems ..................... ..12-10
Internal pressure................. .,2-36
Inverse square law . ...............4-23
Io n s .................    .11-2

J

JB-2 engine ...........................3-20
Jet control systems ................. 2-26
Jet propulsion systems.............3-4

air-jet engines ...............3-18
basic components...........3-16
basic formulas

and law s............ .. ,3-1
classification . . . . . . . . . . .  3-4
combustion chamber . . .  .3-16
definition...........................3-1
ducted engines .................3-4
rocket motors ................. 3-27

Jetstream.................................12-2
Jet vanes......................2-26, 7-15
Joules.......................................11-4

K

Kerosene................................ 3-12
Kerr c e ll ...............................11-26
Kinetic energy .......................4-10
Kinetic theory of gases.........4-16

L

Lambert .................. , ............. 4-23
Laser •

application ....................I I - 1

• biological effects........... 11-35
classification .................11-17

coherence......................... 11-7
construction ................ It-18
cryogenic materials . . . .  11-35
definition .............. 4-53.11-1
demodulation........ .........11-29
energy and emission 

characteristics . . . . . . 11-13
g a s ................................ t l-l l
gaseous laser radar . . . .  11-31
gyioscope .................... 11-32
history ............................I l-l
injection 11-2, 11-20
modulation...........11-24. 11-27
noise effect ................... 11-31
population inversion . . .  11-7
pulsed ruby .......... 1 l-l, 11-9
pumping 11-8. 11 -23
radar ............................. U-29
Raman laser ................. 11-17
resonant cavities......... ..11-8
ring laser....................... 11-32
ruby laser ....................... 11-9
safety hazards............... 11-35
stimulated emission......... 11-7
types................ .... 11-2, 11-17

Lateral a x is .............................2-12
Launch environment symbols. 1-11
Launch guidance phase .9-2
Launchers •

air-launch ..................10-14
ground-launch............... 10-14
monorail .........................3-43
multistage .....................   3-43
s ilo .................................   3-39
to w er...............................3-43
zero-length ............... , , ,3-39

Launching methods , . . , , . . . 3 - 3 8
Launching facilities . . . . . . .  10-14
Laws of motion,

Newton's .................. 2-3,4-1
Lead, defined .........................7-29
Lead-angle course ..................... 8-4
Lead circuit ...........................5-42
Lead homing...........................9-61
Lenses ..................................... 4-35
LGM-25 missile ................... 10-17
LGM-30 missile ................... 10-19
Lift ...........................................2-3

coefficient of ...................2-9
determination o f ...............2-9
effectiveness ..................... 2-16

Light
brightness ............... . , . .4-23
candlepower ...................4-22
color ...............................4-20
electromagnetic

theory of ...................4-20
ether ...............................4-21
fluorescence.....................4-32
flux .................................4-21

in ten sity ..............................4-21
lumber! ...............................4-23
measurement . . . -------- . 4-24
phosphorescence...............4-32
p o lariza tio n ........................4-31
rectilinear.

property of . . . .4 -2 1 .4 -3 7
reflection ...........................4 -26
refraction ................ 4-26, 9-47
s p e c tra .................................4-29
ultraviolet .................... . . .4 -2 0
velocity ...............................4-25
waves ........................4-20,4-39

Light-sensitive s e n s o r ...............6-11
Line of position (L O P ) ......... 8-12
Liquid p ro p e lla n t......................3-10

b ip ro p e llan t........................3-10
classification ............... . . .3 - 1 0
comparison ........................3-14
cry o g en ic .............................3-10
engines ...............................7-19
fuel ......................................3-11
h y d ro g e n .............................3-12
kerosene .............................3-12
monopropellants ...............3-10
o x id iz e r ...............................3-13
oxygen ................................ 3-13
storable ...............................3-10
thrust cutoff control . . .  .7-19

Liquid rockets .................... , '..3 -31
LITV c o n tro l .................. 2-26, 7-17
Lobe switching scanning . . . .6 - 2 2
Logical unit, co m p u te rs ......... 6-47
Longitudinal a x i s ......................2-12
Long-range guidance

system ......................9-15,9-47
Loran ..................................6 -6 ,9 -5 1
L u m e n .......................................... 4-21

M

Mach a n g le ...........................   .2-13
Mach num ber . . . . . . . . 2 - 1 3 ,  2-31
Magnetic amplifier ....................5-60
Magnetic compass ....................9-55
Magnetic field .8-10,9-55
Magnetic guidance

systems ...............................9-55
Magnetic s e n s o r ........................6-14
Magnetic-tape pickoff .............6-66
M agnetom eter.............................6-14
Maintenance fa c ili ty ..............10-14
M anometer ................................. 6-17
Mapmatching

references , , .  6-68,9-54, 9-75
Map p ro jec tio n ................ .. 8-11
Maser ...........................................11-1
M atrix, c o n tro l .......................... 9-81
Measurement of l ig h t ..............4-21
Mechanical c h o p p e r ................. 5-53
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Mechanical filter ...................9-19
Mechanical linkage.

actuator...........................5-75
Mechanical m ixer...................5-34
Mechanical systems

digital computer.............6-51
Mechanical tim er................... 5-47
Mechanics of gases................ 4-] 5
Medical surveillance

program (laser)............ I I-35
Memory unit,

digital computer.......... 6-50
Mercury column.....................4-16
Mercury tank sonic

delay line ............... ....6 -5 0
Meteorological effects

on trajectories................... 8-8
Microphones...........................6-13
Microsyn............................. ..5-24
Midcourse guidance phase . . .9-2
Miller integrator.....................6-72
Minuteman missile............... 10-19
Mirrors ...................................4-33
Missile

air-launched................... 10-14
course te rm s...................8-12
ground-launched.......... 10-15
ground support

e , .ipm ent................. 10-14
launching m ethods........ 3-38
launching facilities . . . .  10-14 
range instrumentation . . .  12-2
selection ......................... 10-6
terminal guidance...........9-57
trajectory curves...............8-4
warheads ......................... 10-7

Mixers.....................................5-27
differential selsyn . .5-22, 5-33
electronic.........................5-28
mechanical .....................5-34
parallel mixing . . , . . , , . 5 - 2 8
pneumatic and

hydraulic.....................5-35
requirements ................... 5-27
resistance bridge.............5-30
series mixing...................5-30
transformer mixing . . . .5-31
transistorized...................5-33
types ...............................5-28
vacuum-tube ...................5-32

Mixing amplifier.....................6-73
Mixture ratio ...........................3-7
Modulation

amplitude .......................4-56
definition.........................4-54
Doppler principle . .4-70,9-82
frequency ..................... .4-61
index ...............................4-62
laser .....................4-53,11-24

phase .................... _____4-64
power d istribution ........4-59
pulse ....................
rate of Jeviation . . . .......4-6 1
single sideband . .. ........4-60

Modulator, rectifier . . . ,....... 5-55
M om ent o f  inertia . . .  . ..........4-2
M onochrom atic ity  . .. .,....... 11-2
M onocoque design . . .  ,
M o n o p ro p e lla n t ........... 3-10. 3-31
M onora il launcher . . . . ....... 3-43
M oto r

a c tu a to r ........... .......... 7-21
servo .................. ....... 6-77
H mpr

M u  metal ................... . . . . 1 2 -1 5
Multistage launch ing  . . ....... 3-43
M ultiv ibrator

bistable ............... ....... 6-55
Eccles-Jordan ► . . .
start-stop ............. ....... 6-58

N

Navier-Stokes equations . . ..2 -3 1
Navigation

c e le s t ia l......... 6-3, 8 -13 ,9 -43
c o m p u te r ............. ....... 9-35
long-range

hyperbolic ........
practical .............
short-range

hyperbolic ....... .6 -3 ,9 -1 0
New ton’s laws

o f m o t i o n ......... 2« 3, 3-1,4-1
N e u t r o n s ....................
N itric  acid ................. ....... 3-13
N itrogen  g a s ............... ....... 3-15
N itrogen  l i q u i d ........... ....... 3-15
N itrogen  teiroxide . . . . ....... 3-13
N P N  junction transistors . . . . 4 - 4 7
Nuclear

f is s io n .................. ____10-11
fusion ................. ____10-1 •
propulsion ........... ....... 3-38
warheads ............. ____10-10

Nucleus ...................... ....... 11-2

O

Open-loop s y s t e m ....... ....... 7-24
Optical devices ........... ....... 4-33
Optical e q u ip m e n t ----- ....... 12-3
Optical spectrum  ....... ....... 11-8
Optics .........................
Oscillator ..................

c a lib ra t io n ...........
subcarrier, unit , .12-19, 12-22

Oscillograph, recording . . . .  12-36 
Output unit, computer ........6-51
Oxidizer, liq u id ......................... 3-13
Oxygen, liquid ......................... 3-13

P

Parabolic antennas . . . . . . . .  12-33
Parabolic reflectors.................... 6-8
Parallel m ix ing ................. —  5-28
Parameters, aerodynam ic------2-31
Paraphrase am plifier................ 5-5o
Parasite d r a g ........... .............. 2-li>
Passive homing system s..........9-61
Pauli’s exclusion

principle..............................I I -6
Pendulum ................................4-13
Pen reco rd e r.....................12-35
Phantastron circuit ...................6-58
Phase comparator .................. 6-33
Phase m odulation.................... 4-64
Phosphorescence.......................4-32
Photomultiplier tube . . . . . . . 6 - 1 2
Photometer ............................... 4-24
P h o to n s......................................11-4
Phototube .................................6-11
Physical inspection

checkout ...........................7-27
Physical principles........ 4-2,4-19
Physical references.................. 5-52
Physics of f lig h t........... .............. 2-1
P ickoff.................................... ..5-19

capacitance .......................5-27
commutation principles . .6-21
electric ..................  7-3
infrared sensing .................6-20
magnetic-tape ...................6-<>6
potentiometer .................. 5-23
p ro b e .....................   6-19
radar sy s tem ___ ^........... 6-19
reluctance .........................5-26
selsyn .............................: -5-20
s ig n a l.....................  6-18
thermistor ......................... 6-20
transform er.......................6-19

Pitch ................................. 2-21,7-5
Pitch axis .........................   .2-12
Planck’s hypothesis...................11-4
Planetary e lectrons...................11-3
PN junction transistors . . , . . 4 - 45  
PNP junction transistors . . .  .4-49
Pneumatic actuator ................ 5-72
Pneumatic control systems . . .  7-11 
Pneumatic-electric

control system s................ 7-11
Pneumatic m ix e rs .................... 5-35
Pneumatic t im e r ...................... 5-5i)
Point-contact transistors..........4-50
Polarization ...........4-31, 6-6, 6-23
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Population inversion .............. 11-7
Potential energy .....................^4-10
Potentiometer p icko tl.............5-21
Power sources............................7-2
Power supply com puter.........9-42
Power supply systems check ; . 7-26

analysis of resu lts ...........7-30
Power supply u n i t ...................12-21
Precession ......................... 4-K. 5-4
Predictor c irc u it-----: ............. 5-42
Preset guidance systems ..6-2, 9-3
Pressure altim eter........... .5-16
Pressure-relief v a lv e ................5-71
Primary control surfaces-----2-21
Printed circuits ............... ...4 -5 4
Prism ..............................4-29,4-34
Profile drag .............................2-11
Programmers ..>  .6-65, 7-20,9-27
Propellants ................................ 3-6

high-pressure gases.........3-14
liq u id ................................3-10
so lid ................................ 3-7

Propellant performance terms
exhaust velocity ............... 3-7
mixture ratio ................... 3-7
specific impulse . . ............. 3-6
specific fuel

consumption . . . . . . . . . 3 - 7
specific thrust . . . . . . . . . .  3-7
total im pulse..................... 3-6

Proportional guidance ...........9-61
Propulsion aerodynamics . . . . 2-28 
Propulsion systems

advanced .......................^.3-37
air b reathers.................... 3-18
electrical ...........................3-38
liquid propellant............. 3-10
nuclear ............................. 3-38
solid propellant.................. 3-7

Protons ..................................... 4-42
Proximity fuzes ............ . . . .1 0 -1 3
Pulse-forming circuit . . . . . . . 6 - 6 2
Pulscjet engine (JB-2) . .  :?-5, 3-20
Pulse m odulation.........; . . .  .4-64
Pulse-recurrence frequency

discriminator . . . . . . . . . .  6-32
Pulse-spacing discriminator ..6-30 
Pulse-time multiplex . . . . . . .  4-65
Pulse-width discriminator ...6 -2 6
Pulsed ruby la se r...........11-1, 11-9
Pump, hydraulic .......................5-69
Pumping (laser) . . . . . .  11-8, 11-23
Pursuit curve .............................8-4
Pursuit hom ing ........................ 9-60
Push-over a r c .......................... 9-77

Q

Q uanta..........................11-3
Quantum physics concepts . . .  11-4

R

Radar
command guidance ........9-S
Doppler.........................9-82
equipment ........................12-6
laser...............................11-29
mapmalehing guidance .9-54
pickolTs ..........  6-19
plotting system ............. 12-10
sensor ...............................6-7
telemetry system........... 12-10
tracking system ............. 12-6

Radio altimeter .....................5-18
Radio propagation ................8-11
Radio sensor.............................6-6
Radius of gyration...................4-2
Raman la se r ..........................11-17
Ramjet engine................ 3-5,3-21
Range computer ..................... 9-32
Rate circuit.............................5-42
Rate components.....................5-40
Rate g y ro .............. 5-8, 5-45, 7-20
Raw data recording............. 12-35
RC amplifier differentiator . . ,  5-44
RC integrator .........................5-38
Reactor, saturable .................5-59
Real-time data ....................... 12-1
Receiver calibration

equipment..................... 12-33
calibration oscillator ..12-34
discriminator u n its----- 12-34

Receiver, command .................9-6
Receiver, FM ....................... 12-32
Recessed antennas ...................6-9
Recorder

oscillograph ....................12-36
pen ................................. 12-35
tape ...................... 12-37

Recording optical tracking
instrument (R O TI)......... 12-5

Rectangular coordinates . . . .8-15
Rectifier commutator.............5-56
Rectifier modulator ...............5-55
Reference

axes programmer.......... 7-20
concepts for trajectories , .8-1 
external guidance . . . . .  ,6-53 
internal guidance . . , . , . 6 -53
navigational, s ta rs ...........8-14
physical........ ; ................ 5-52
terrestrial.........................9-52
tim e .................................5-46
voltage.............................5-45

Reflection of light...................4-26
Refraction of light........ 4-26, 9-47
Relativity of m otion.................2-1
Relaxation time .....................2-13
Relay, controller u n its ...........6-75
Relay sw itch...........................5-62

Reluctance pickoff.......... . ..5-26
Research and development . .,1-8
Resistance bridge mixer . . .5-30
Resonant cavities ............ . . .  ll-s
Reynolds number.......... 2- 13.2.31
RF powor-iunptiller unit . .12-25
Rhumb line .................... . .  .8-12
Ribbon-frame camera . , . . . .. 12-5
Rigidity, gyroscope.......... . .  . ;5-4
Ring laser ........................
RL integrator ................ ..
Rocket m o to r.................. . . .3-27

classification ............ . . .3-30
propulsion units........
liquid........................ ...3-31
solid ............ .............

Rocket systems................ ___3-4
Rocket trajectories.......... ___8-7
R o ll........................2-21,7-4,7-18
Ruby laser.................. - . . . . .11-9
Rudder..............................

S

S - l  directional gyro . . . ....... 5-15
Safety precautions, laser . . .11-35

beam termination ,
buddy system . . . .
cryogenic materials ____11-35
eye e x p o su re ....... . . . . 11 - 35
eye protection . . . . . . .  .11-35
high v o l t a g e .......
sk in  protection . . .
toxic chemicals , . .

Sagnac ring  laser . . . . .

Sawtooth scanning . . . . ....... 6-21
Scanning m e th o d s ....... ,6-21,9-58

Schuler tuning ........... ....... 9-20
S C R -5 8 4  r a d a r ........... .........12-7
Secondary control surfaces .. .2-21
Selsyn, d iffe ren tia l....... .5-22, 5-33
Selsyn pickoffs ...........
Selsyn, tw o -sp e e d .......
Semiactive hom ing system . .. 9-70
Sem iconductor laser . . . . . . . 1 1 - 1 7

Sensors ...................... ......... 6-2
a c o u s t ic ............ . ....... 6-13
altimeter . . . . . . . . ....... 5-16
electromagnetic . . . ......... 6-6
gyroscope ........... ......... 5-4
inertia ................ ....... 6-15
infrared ............. .6-10, 6-20
light s e n s it iv e ----- ....... 6-11
magnetic .............
p ic k o ffs ..............
polarization

methods ......... ..6-5, 6-23
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radar ...................................... 6*7
radio ...................................... 6-6
scanning m e th o d s .............6-21
transducers ....................... 5 -IB
units ...................................... 5-4

Series mixing ............................. 5-30
Servomotor .............. '..................6-77
Servo multiplier .........................6-39
S e x ta n t...........................................9-45
Shaped charge warhead ........... 10-9
Shells and subshells, atom . . .  11-6
Shock w a v e ..................................2-12

n o rm a l ..................................2-14
oblique ............................... 2-15

S h o ra n ....................................   .6-6
Short-range guidance

systems ...................... . . . . . 9 - 2
Signal converter u n i t ............. 12-21
Signal, fo llo w u p .........................5-77
Signal. p ic k o ff ......................   .6-18
Signal reso lu tio n .........................9-21
Signal simulation ...................... 7-30
Silo launching ............................. 3-39
S im u la to r......................  6-37
Slaving, g y r o ............................... 5-12
Slot ............................................... 2-24
Smokes, w a rh e a d s .......................10-9
Snell’s l a w ....................................4-26
Snooper-scope................ .. 11-22
Solar spectrum ...........................4-31
Solenoid .......................  5-61
Solid propellant , . . .  ^ ..................3-7

b a llis tite ..................................3-8
classification..........................3-7
comparison ...........................3-9
configuration of grains . .3 -8
engines ............................... 7-19
limitations .............................3-9
thrust cutoff c o n tr o l___ 7-19
types ..................  3-7

Solid rocket .............   3-30
Solid state d e v ic e s ....................4-42
S o n a r .............................................6-13
Sonic s p e e d .................. .2-13
Specific gravity of gas . .  ’ . .  .4-18
Specific impulse ...........................3-6
Specific fuel consumption , . . . 3 - 7
S p e c tru m ...................................... 4-29

absorption ...........................4-30
em ission ............................... 4-30
s o la r ...................................... 4-31

Speed classification ....................2-13
Spherical c o o rd in a te s ............... 8-16
Spiral sc a n n in g ...........................6-21
Spoilers ........................................ 2-24
Spontaneous ignition ............... 3-17
Stability, definition o f ............... 2-6
Stability of missiles . . .  .2 -11 ,2-27 
Stabilization gyro com 

pensation c o m p u te r___ 9-41

Stabilized
platforms . . . .  6-68, 9-19. 9-21

Stalling angle ................................ 2-9
Standard candle .........................4-22
Standby guidance system . . . .9-81 
Stars, navigational

reference ..............................8-14
Star-tracking te le s c o p e ............. 6-12
Static e q u ilib riu m .......................4-10
Static servo

response checks ................7-28
Stellar supervised inertial

autonavigator (SSIA) . . .9 - 4 3  
Stimulated emission . . . . . . . .  11-7
Strain gage ....................... . . . .1 2 - 1 7
Subcarrier-oscillator unit . . .1 2 -1 9
Subshells (atom) ......................... 11-6
Subsonic speed ................   .2-13
Summing amplifier . . . . . . . . . 6 - 4 1
Superheterodyne receiver . . .1 2 -3 2  
Supersonic flight

ae ro d y n am ics.......................2-37
Supersonic flight terminology

heat b a r r i e r .........................2-13
hypersonic s p e e d ................2-13
M ach a n g le .........................2-13
M ach n u m b e r .................... 2-13
norm al shock w a v e ..........2-14
oblique shock wave . . . .  .2-14
relaxation t i m e ..................2-13
Reynolds n u m b e r ............ 2-13
shock w a v e .........................2-12
sonic s p e e d .........................2-13
subsonic speed .2-13
supersonic speed ............... 2-13

Supersonic s p e e d .........................2-13
Surface-'arget se le c tio n ............ 10-1
S w eepback .......................... .2 -1 1
Switching u n i t .....................  12-21
Symbols, missile designator

launch environm ent . . . . l - l l
mission .................................1*12
status p re f ix ......................... 1-10
vehicle t y p e ......................... 1-13

Synchronous m echanical
switch c o m m u ta to r ..........5-55

T

Tabs .............................................. 2-21
Tachometer switching unit . .12-21
Tape r e c o rd e r ............................12-37
Tapes, com puter input . . . . . . 6 - 4 5
Targets

a e r i a l ..................................... 10-5
classification ...........   10-1
considera tions..........10-2, 10-6
detection and evaluation. 10-5
g r o u p s ............................ . . .1 0 - 6
location on m a p s .............. 8-11

post-attack analysis,
aerial ................................10-6

post-attack analysis,
s u r fa c e ............................10-5

priority assignm en t......... 10-4
se lec tio n ..............................10-1
s u r fa c e ................................ I(M
systems ................................10-2t
terminal g u id a n c e ........... 9-57

Telemetry
AM .................................... 12-26
data re d u c tio n ..................12-28
d e fin itio n ...........................12-10
F M /F M ............................. 12-17
ground s ta t io n ..................12-28
radar , >•»»»»«<•<>• . >12- 10 
receiver calibration

e q u ip m e n t.................... 12-33
television ...........................12-26

T e lesco p e s .................................. 4-37, 6-12
Television .............   6-3
Television telem etry systems . 12-26 
Term inal guidance

sy s te m s............................... 9-57, 9-76
Terrestrial guidance

sy s tem s..................................6-3, 9-52
Test console ............................... 7-27
T h e o d o lite .............. ..................... 12-4
Therm al in te g ra to r ................5 -40
Therm al lo a d s .............................2-36
T h e rm is to rs ...................6-20, 12-17
T h erm o co u p le .............................6-11
Therm oelectric t i m e r ............... 5-49
Therm onuclear .........................10*12
T hrust ............................................. 3-2
Thrust cutoff c o n tro l .............. ,7-19
Thrust h o rse p o w e r...................... 3-4
Thrust vector c o n tr o l ...............1- '*

gimballing ..........................7- ■
jet v a n e s .............................7-1.
U T V ....................................7-17
swivelling exhaust

n o z z le s .............................7-15
Tim e delay fu z e s .............. 10-13
Time re fe re n c e ...........................5-46
Timers

ap p lica tio n ..................   .5-47
characteristics ....................5-46
electrical .............................5-48
m ech an ica l...............5-47
pneumatic ...........................5-50

Tim ing controls ........................ 6-53
Titan II m is s i le .........................10-17
Torque ...........................................4-7
Torsion pendulum ....................4-t4
T otal impulse ............................... 3-6
Tower la u n c h e r ...........................3-43
T-R  b o x .........................................6-10
T rack computer

and p ro g ram m er............... 9-35
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Trajectory characteristics . . .  .2-34
Trajectory c u r v e s ........................ 8-4

ballistic t y p e ........................ 8-6
beam-rider c o u rs e ............... 8-4
f l a t ...........................................8-7
guidance c o o rd in a te s ----- 8-1
hyperbolic ....................    8-4
influence of natural

factors o n ..................  8-8
lead-angle course ............... 8-4
pursuit curve ........................ 8-4
reference concepts .............8-1
rocket ....................................8-7
transformation o f axes . . .  8-3

Transducer ............. . .5 -1 8 ,  12-12
a irs p e e d ..................    .5-18
definition .............. 5-18, 12-12
strain g a g e .........................12-17
thermistor .........................12-17
types ..................................12-12

Transfer v a lv e .............................5-62
Transform ation o f axes . . . . . . 8 - 3
Transform er m ix in g ................. 5-31
Transform er p ic k o ff ................. 6-19
Transistor ....................................4-42

am plifiers.............................5-57
bias v o lta g e s ......................4-53
definition .............................4-42
N PN  and PNP junction. ,4-47
p h y sic s .........................  .4-42
PN  junction ......................4-45
point-contact . . . . . . . . . . 4 - 5 0
structure o f atoms

and c ry s ta ls ....................4-42
Transm itter, c o m m a n d .............. 9-5
Transm itter u n i t ...................... 12-25
Transonic region . . . . . . . . . . 2 - 1 3

Triode vacuum tube  .............. 4-52
Turbofan e n g in e ........................3-29
Turbojet engine . . . . . . . .  3-5. 3-25
Turboprop e n g in e ............3-5, 3-29
Two-speed selsyn ..................... 5-21
Types of lasers . . . . . . .  11-2, 11-17

U

Unsymmeirical dimethyl-
hydrazine (UD M H) . . . . 3 - 1 1

V

Vacuum-tube, comparison
to  tra n s is to r .........................4-52

Vacuum-tube c h o p p e r ............ 5-54
Vacuum-tube com m utator . .  .5-56 
Vacuum-tube mixer . . , , . , . . 5 - 3 2  
Valve, pressure relief . . . . . . .  5-71
Valve, transfer ...........................5-62
Variable incidence control . .  .2-25
Variable reluctance p ic k o ff .. .5-26 
Variable-speed m otor . . . .  . .  .7-21 
Variable-speed motor

In teg ra to r.............. .. . . .5 -3 7
Vector representation . . . .  2-2, 4-2
Veeder cc. i n t e r .......................   6-65
V e lo c ity ..................................   .4-2
Velocity dam ping

Doppler r a d a r ....................9-82
Velocity of l i g h t ........................ 4-25
Vertical a x i s ............................... 2-11
Vertical dive s y s te m ................. 9-76
Vertical gyroscope ....................5-13
Vibrating acce le ro m ete r...........6-17
Viscosity ........................* ...........4-19

Voltage a m p lif ie r ............
Voltage, b i a s ..................... . . . . 4 - 5 3
Voltage d iv is io n .............. . . .  .6-40
Voltage multiplication . . . . . . 6 - 3 8
Voltage re fe re n c e ............ . . . . 5 - 4 5
Voltage su m m atio n ......... ___ 6-40

W

Warheads, m iss ile ............ . . . .  10-7
c h arac te ris tic s .......... . . .  .10-8
detonation points . . . . . .1 0 -1 3
fuzes .......................... . . .1 0 -1 2
types ..........................

Wave
electrom agnetic___ . . .  .4-39
re in fo rc e m e n t.......... ..........6-8
shock .......................... . . . . 2 - 1 2
theory of l ig h t .......... > >♦>4-20

Wind tunnel .....................
Wing design ..................... ----- 2-18
Wingtip vortex ................ . . . . 2 - 1 0

X

Xenon flash t u b e ............

Y

Y a w ..................................... 2-21, 7-6
Yaw a x i s ............................ . . . . 2 - 11

1

Zeroing adjustments . . .  .
Zero-length launcher . . . .
Zero-lift Inertia] system . . . . .  -78
Zero term ination antenna • • • . o-8
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