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DAY 2: ENHANCED MOBILE BROADBAND s

< 3GPP standards 3GPP Rel, 15, 16, 17 (7|=1 A|& = 23
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Our innovations expand the foundation of 5G

Foundational Qualcomm innovations lead 3GPP Releases 15,16 and 17

Source: 2 A
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DAY 2: ENHANCED MOBILE BROADBAND

% 5G Enabling Technologies:

CUPS (M|O/AIE A S22 =2)
Cloud Scale (22t E 27 g)
MEC (252 O X| HFE)

Network Slicing
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DAY 2: ENHANCED MOBILE BROADBAND e

< NTN: High-altitude platform stations (HAPSs)
« Examples of several scenarios where HAPSs can be exploited.

g
=
\ e Na™
b . - \
/ L 5 Inter-HAPS

communicatians

Rualaliea

Nl g

Disaster
Ground station managment Crop monitoring

Source: Antenna Design for 5G and Beyond, Printed Edition of the Special Issue Published in Sensors, Naser Ojaroudi Parchin ( www.mdpi.com/journal/sensors )
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DAY 2: ENHANCED MOBILE BROADBAND 2

< SMICH o] &4 MU FHittXIBEEE R UM, 5th Generation Core Network, 5GC

« AMF (Access and Mobility management Function): 21} 0| S/d &2| 7|5
« SMF (Session Management Functlon) N 22| 7|s

« UPF (User Plane Function): A%t @H 7|5

« PCF (Policy Control Function): 3% M0 7|5

« AUSF (Authentication Server Function): 215 MH 7|5

UDM (Unified Data Management) £t E1|0|E‘| |

.+ NEF (Network Exposure functlon) I-‘|| HA LT 7S
i+ NRF (Network Repository Function): HHE3 M¥E A 7|s 5
:+ NSSF (Network Slice Selection Function): '-1| $l3 &ato|A ME 7|5

[nsse] [ ner | [ nRe | [ Pce | [uom | [ aF |
Nnssf Nnef Nnrf Npcf Nud: Naf
Nausf Namf Nsmf
[ause] [ amF ] [ swF | [ scp |
\

N \ N4
\
\
’ UE }—{ RAN }—N3—{ UPF }—NG—{ DN |

https://jb-story.tistory.com/346 L i

Source: http://terms.tta.or.kr/dictionary/dictionaryView.do?word seq=171377-2
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DAY 2: ENHANCED MOBILE BROADBAND

¢ 5G Core Cloud-Native Service-Based Architecture (SBA)

Source: Dell'Oro Group and 3GPP

5G
CORE NETWORK = —
Network Resources Management T Subscriber Data Storage IMS Core
Shared Data Layer i )
i ) | o] [we]| ()
= User Plane j —
NSSAAF][ AANF ][ - ] ADRF NRF -
[ DDNMF.. A\ ] Signaling App Functions P(}!'.Cy....... L
[NSSF ][TSCTSF][EASDF;[NWDAF]E NEF ] [ SCP ][ BSF ][ SEPP] [ AF ][TSN AF] [ PCF ﬂ[NWDAF]i—{ CSCF ‘
oot Service-Based Interface
_[ AMF ][ SMF ][ SMSF ][MB-SMF][ MBSF ][ UCMF] [ LMF ][ GMLC] [SG-EIR][ AUSF ][ UDM ]—{ HSS |
Packet Core - Control Plane Location Services || Subscriber Data Mgmt.

Non-3GPP Sussssnaane ~ .
Access [ UPF HNWDAF] EMB-UPF][MBSTF] _sec |
N3IWF "samEEEEEEEN .

Data Center Site(s)

TNGF

W-AGF

TWIF

—
(o]
-

+ee-Elag Site(s)

UPF NWDAF EMB-UPF MBSTF

(NWDAF: NetWork Data Analytics Function), HE3 HO|H £4 7|&

‘ Network )
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DAY 2: ENHANCED MOBILE BROADBAND s

s The route from 4G SA/5G NSA to 5G SA

4G SA & 5G NSA NETWORK} 5G SA NETWORK

!se Core
1‘:\
/ ' 4G NR A
"" eNB eNB gNB gNB gNB gNB \-%"

NS NS

UE UE UE UE
4G SA 5G NSA 5G SA 5G SA
LTE(CA) EN-DC NR-DC NR(CA)

v v

Dynamic Spectrum Sharing

Source: Dell'Oro Group Carrier Aggregation (CA)
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DAY 2: ENHANCED MOBILE BROADBAND 6

< NEF: Network Exposure Function

- HEQI3 Z2a2Y 5
« HOt = QI

« M2 X .
« SLA I_'Ilg- o Function o Function
- HERA FEHE 57171

- APl =3} ’ J H

o
- 2L o8
DMC NEF
(3GPP SCEF)
NEF EPC NEF 5GC

. MZg H=L
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| vor | uou Jause | ece [ v | 1
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Source: Dell'Oro Group
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DAY 2: ENHANCED MOBILE BROADBAND o

< 367 MNO7Z} 5G SA eMBB AMH|AE Z7| SA|

Region 2020 2021 2022

AT&T Wireless — USA
North America T-Mobile - USA Rogers — Canada DISH Wireless — USA
Verizon - USA

Telefénica - Germany
Vodafone - Germany
Rain - South Africa stc - Kuwait
Zain - Saudi Arabia
Vodafone - UK

stc- Bahrain
Telekom - Germany

TPG Telecom - Australia

China Mobile NTT DOCOMO - Japan
China Mobile - HK Softbank - Japan
China Telecom Smart - Philippines Optus - Australia
China Unicom M1 - Singapore China Broadnet
AIS - Thailand SingTel - Singapore KDDI - Japan
TOT - Thailand StarHub - Singapore,
True - Thailand : KT - South Korea :

Taiwan Mobile

Claro - Brazil
TIM - Brazil
Vivo - Brazil

Source: Dell'Oro Group, as November 2022
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DAY 2: ENHANCED MOBILE BROADBAND e

< Edge Exposure Server (EES)

e Cloud Assisted XR
« Remote Control Ground/Aerial Vehicles

- Edge Data Network2
Edge Data Network
Edge XR Servers | —
......................................... > )
Discovery e Reginal DC
......... EES Central
L - UE Info QoS
o ..., [ oo | o |
: Reginal Edge
Edge Data Network 2 ol Application Server
:
v *
Agplication Dato A2 ‘....-
Control Signaling
o (::]
Discovery o o
E nd tser = |sesseesssisassduisseidesussiase > o

AR enabled
Source: Ericsson-LG
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DAY 2: ENHANCED MOBILE BROADBAND

< Edge Exposure Server (EES)

- AX| o Z2IFI0IES fUT AHESHI F 2

API

Edge site Application
server
Application
User plane traffic UE - app
Edge user plane Edge exposure server
Traffic ! ) X
breakoutin = | m«—» oF
local UPF . central site :

_________________________________________

S
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DAY 2: ENHANCED MOBILE BROADBAND

L = A =L SF A L - © i |
<+ MECE MX|H MHAE szt & = A= 7[5 S
RAN — “ Public MEC >
?.9:; State/Province- |-

| Metro-wide |- wide Sites

- Sites RTT*

: \ Coqnty/-(:lty- = RTT* 250/500 km

A = RAN - wide S:tes 50/100 km 2.5/5.0 ms
@_ \ Sites RTT Network Edge
0.5/1.0 ms
RTT* 10/30 km |
Network Edge
5/10 km 01/03 ms T
0.05/0.1 ms Network Edge
[': po Network Edge L
o 0 [
@ Private MEC
1 % Industrial/ -
Enterprise Sites
o pRﬂ—* *RTT - Round Trip Time Propagation Delay - One-hop fiber link.
& <0 Zo-gskm Multi-hop delay, compute time, and data storage/retrieval time to be added.
<0. ms
On-Premises Geo-redundancy required for network reliability and to maintain low latency
|
Source: Dell'Oro Group
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DAY 2: ENHANCED MOBILE BROADBAND s

< Deploy private 5G network on cloud(0ll)

¢ Cloud Platform

IMS-MCPPT system

4G/5G core network

MEC (Mobile Edge Computing)
UE (User Equipment)

Source: https://www.iplook.com/info/deploy-private-5g-network-on-cloud-i00173i1.html

Cwms ) s

IMS (IP Multimedia Subsystem)
MCPTT(Mission Critical Push To Talk)

Nnrf 1
o 4G/5G core network R - e
Noet HSS+UDM/AUSF — AF
P

(e g

Co )

Cloud Platform _ - e
/S Microsoft

=) Alihaha Cland > i
ASure (-] Alibaba Cloud 2> Tencent Cloud amazon

>
Surveillance
MCPPT system system

Do N
Norf — PCRF+PCF L) | ez
N7 L

| NEF
Do B ! | N29 |
NRF Norf GW-C+SMF 5 TH
- d Wi Billing
N4 " system
oA
Noef GW-U+UPF i | s S :
Narf = ?;
- - )
N2 MME+AMF 1
S @3
CIO] = B
Edge Cloud Resource Intelligent Local Industrial
Platform Dispatch Perception shunt testing

((rg») Base Station

VRGN,

®o 0

JS Lab




% RAN T+Z=2| H2} (New C-RAN/Fronthaul)

DAY 2: ENHANCED MOBILE BROADBAND

/” gNB

RR

C/SDAP
PDCP
RLC

MAC
PHY

N

—+ NG Interface

gNB

=

—  F1 Interface

)
c

—— N1 Interface

H
m

= gNB (the NR logical node)
= Central Unit (CU)
= Distributed Unit (DU)
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DAY 2: ENHANCED MOBILE BROADBAND

% Air Interface

« A5 +/d (Open Systems Interconnection Layer)
o CU (Centralized Unit) e,

o DU (Distributed Unit) User Plane Control Plane
o RRU (Remote Radio Unit) ‘
o RU (Radio Unit) Non-Access Stratum (NAS) m

Radio Resource Control (RRC)
Service Data Adaptation Protocol (SDAP)

Packet Data Convergence Protocol (PDCP)

Radio Link Control (RLC) | RLC
Medium Access Control (MAC) . 11 MAC
Physical (PHY) | PHY

w%{"’."ﬂm /'RU | R F ..............
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DAY 1: 5G HIEL3 7

% User-plane and Control-plane protocol stack in 5G NR
* (Ref. 5G NR by E. Dahlman et al.)

UE gNB AMF
AR TR, o e e e TITTITIINL  eecaecaa o — -[E
iy S (o
SDAP Je--r-eemmmmecncecaaaaans SDAP
POCP  fe--veeeemennnnns - PDCP
RLC o < e - RLC
MAC fo- < e + MAC
PHY o < - e - PHY
User plane Control plane User plane Control plane

Source: https://syedshan85.medium.com/radio-resource-control-rrc-in-5g-nr-fa0782f83977
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DAY 2: ENHANCED MOBILE BROADBAND 3

o
4
e

o  MIMO (Multiple Input Multiple Output) A0HE QtH|LIE AHESHO %E%‘(B’eamforming?)

Source: https://radio-waves.orange.com/en/radio-networks-and-antennas/5g/

XX JS Lab




DAY 2: ENHANCED MOBILE BROADBAND

% Global 5G band usage.

Frequency (GHz)
} ZS{ 16= Z7= 28% Z9= 10{ &1% 12} 33} 14{ lS} 16% l7= 18} &9% AO} 4.1 =A2% A3= aA} AS} Ab} k7} 48} 49} 5.0
Europe @D 3.4-3.8 GHz
United o> 5-2.7 GH: 3.55-3.7 GHz 3.7-3.98 GHz
China @ 2.5-2.7 GHz 3.3-3.4 GHz (D@D 3.4-3.6 GHz 4.8-5 GHz D
Japan @D 2.5-2.7 GHz @ 3.6-4.1 GHz @ 4.5-4.6 GHz
i | Korea @D 3.4-3.7 GHz

@ Licensed
Unlicensed/Shared

Frequency (GHz)

|24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 45 | 46 | 47 | 48
! I I 1 T T I I I T 1 I 1 1 T 1 I 1 1 T 1 1 1 T |

T
Europe @D 24.25-27.5 GHz
‘é{‘;{iﬂ @D246Hz  @27.5-28.35 GHz @D 37.6-40 GHz 47.2-48.2 GHz @D
China @RI 24.75-27.5 GHz G 37-42.5 GHz
Japan 27-282GHz @D  @29.1-29.5 GHz
....... s s

@ Licensed

Source: 5G RF, 2nd Qorvo Special Edition, by David Schnaufer, Tuan Nguyen, Ben Thomas, Alexis Mariani, Paul Cooper, Bror Peterson, Phil Warder
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DAY 2: ENHANCED MOBILE BROADBAND s

% Korea 5G & 4G Mobile spectrum asset

LGU+ Local 5G license 5G spectrum expansion plan by 2026
Sub 6GHz

5G (800 MHz) 5G (600 MHz)

350 MHz
280 MHz

5G (80 MHz) 5G (current)

mmWave

4,400 MHz

Il 4G (20MHz) M 4G (20MHz) M 4G (20 MHz 5G (current)

Source: https://blog.3g4g.co.uk/2022/03/realizing-zero-trust-architecture-for.html
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DAY 2: ENHANCED MOBILE BROADBAND =

% LTE-Advanced Pro and 5G NR ecosystem.

FR2
5G (>24 GHz)

4G & 56 (Sub-7 GHz)

5G (7-24 GHz)

3GPP Work
In Progress

1 GHz 3 GHz 7 GHz 24 GHz 100 GHz

é Macro Cell g 56 NR Macro Cell r" 56 NR Small Cell
R

Source: 5G RF, 2nd Qorvo Special Edition, by David Schnaufer, Tuan Nguyen, Ben Thomas, Alexis Mariani, Paul Cooper, Bror Peterson, Phil Warder

l

’ o
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DAY 2: ENHANCED MOBILE BROADBAND

< Frequency ranges FR1 and FR2.

*FR1

Band

n77

n78

n79

Source: User Equipment (UE) radio transmission and reception 3GPP TS 38.101-2

Downlink/Uplink

(GHz)

3.30-4.20
3.30-3.80

4.40-5.00

**FR2

Band

n257

n258

n259

n260

n261

Downlink/Uplink

(GHz)

26.50-29.50

24.25-27.50

39.50-43.50

37.00-40.00

27.50-28.35

Perameter

Also Known As

Frequency Range

Transmission
Bandwidths (CC)

Sub Carrier Spacing

Carrier Aggregation

Waveform &
Modulation

MIMO

Deployment
Applications

Challenges

Spectral Efficiency

Channel
Characterization

Number of
Simultaneous Users

Frequency Range 1

5G Sub-7 GHz
410-7,125 MHz (*includes n77,

n78,n79)
(reference: 3GPP: 38.101 v16.1.0)

5-100 MHz

15 kHz, 30 kHz, 60 kHz

Up to 16 carriers

CP-OFDM (UL/DL), DFT-s-OFDM (UL):
QPSK, 16 QAM, 64 QAM,
256 QAM)

Up to 8 layers in DL,
up to 4 layers in UL

Macro cells/many mobile users/
long-range

Spatial multiplexing - delivers
multiple parallel streams of data in
same resource block

High, because of spatial multiplexing

Rich multi-path propagation

Tens of users,
large coverage area

Frequency Range 2

5G mmWave
24.25-52.6 GHz (**includes n257, n258,

n259,n260,n261)
(reference: 3GPP: 38.101 v16.1.0)

50-400 MHz

60 kHz, 120 kHz, 240 kHz

Up to 16 carriers

CP-OFDM (UL/DL), DFT-s-OFDM (UL):
n/2-BPSK, QPSK, 16 QAM, 64 QAM,
256 QAM

Up to 8 layers in DL,
up to 4 layers in UL

Small cells/less users/Increased
content/short-range

Beam steering for each
mobile user

Low spectral efficiency - less users
and higher pathloss

Few propagation pathways

Few users,
small coverage area

XX

JS Lab




DAY 2: ENHANCED MOBILE BROADBAND o

<+ Comparing 4G LTE and 5G NR DL data improvements.

Nominal Benefit from 5G Standard Big Increase Due to Bandwidth

o 56
J—— .
5C <4 GHz

FR1
5x Gain
\- LTE <6 GHz
3G LTE 5G MHz
19.4% benefit to downlink data rates Downlink data rate increases much

more with bandwidth

Source: 5G RF, 2nd Qorvo Special Edition, by David Schnaufer, Tuan Nguyen, Ben Thomas, Alexis Mariani, Paul Cooper, Bror Peterson, Phil Warder
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DAY 2: ENHANCED MOBILE BROADBAND R

% 5G 2AHEY ALZ0= H|O|E HE {5 & R HEY HE H|E EY
Maximum RF Maximum CA

5G Frequency Ranges . .
Channel Bandwidth Channel Bandwidth

FR1 410 MHZ - 7125 MHz 100 MHz 400 MHz
FR2-1 24250 MHz - 52600 MHz 400 MHz 800 MHZ
FR1 + FR2-1 - 410 MHz to 52600 MHz n/a 1200 MHz
FR2-2 52600 MHz - 71000 MHz 400 MHz 1200 MHz
FR2-2 52600 MHz - 71000 MHz (optional) 2000 MHz N/A

Source: User Equipment (UE) radio transmission and reception 3GPP TS 38.101-2 Carrier Aggregation (CA)
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DAY 2: ENHANCED MOBILE BROADBAND £

% Base Station Types

Cell Type gglcliius (km) Locations
Femtocell 0.001 to 0.25 0.01 to 0.1 1to 30 Indoor
Pico cell 0.25to 1 0.1t0 0.2 30to 100 Indoor/outdoor
Micro cell 1t0 10 0.2t0 2.0 100 t0 2,000 = Indoor/outdoor
Macro cell 10 to more 8 to 30 More than Outdoor

than 50 2,000

Source: 5G RF, 2nd Qorvo Special Edition, by David Schnaufer, Tuan Nguyen, Ben Thomas, Alexis Mariani, Paul Cooper, Bror Peterson, Phil Warder
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DAY 2: ENHANCED MOBILE BROADBAND k2

% Video Traffic 1} CHH =

* Required data rates of 1080p and 720p video (~6.8 Mbps)
« Required data rate of UHD video (300 Mbps)

Video type | Video resolution | Frame rate (FPS) | Encoding scheme | Required data rate
720p 1280 x 720 60 H.264 3.8 Mbit/s

1080p 1920 x 1080 40 H.264 4.5 Mbit/s

1080p 1920 x 1080 60 H.264 6.8 Mbit/s

Video | Video Frame rate (frame Encoding Quality Required
type resolution per second, FPS) scheme requirement data rate
4K 3840 x 2160 |50 HEVC Medium quality | 20-30 Mbit/s
UHD

4K 3840 x 2160 |50 HEVC High quality ~T75 Mbit/s
UHD

4 K 3840 x 2160 |50 AVC High quality ~150 Mbit/s
UHD

8 K 7680 x 4320 |50 HEVC High quality ~300 Mbit/s
UHD

@ Springer

Source: 5G System Design, An End to End Perspective, Wan Lei « Anthony C. K. Soong, Liu Jianghua « Wu Yong « Brian Classon, Weimin Xiao « David Mazzarese, Zhao Yang « Tony Saboorian
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DAY 2: ENHANCED MOBILE BROADBAND

< Required data rate of VR (w/Round-trip delay)

Frame Required i !

rate Encoding Color | instantaneous data ! Round- i

VR level Video resolution Single-eye resolution | (FPS) scheme depth | rate | trip delay !
Entry-level | Weak Full-view 8 K 2D/3D video 1920 x 1920 [with 30 H.265 8 Field of Full i 30 ms E
VR interaction (full-frame resolution view angle of 110°] view view: 1 (2D) !
7680 x 3840) (FOV): 75 Mbps} 20 ms !

40Mbps | (2D) 1 (3D) !

(2D) 120 i !

63 Mbps | Mbps ! i

(3D) 3D) !} 1

Strong 90 120 Mbps (2D) E 10 ms i

interaction 200 Mbps (3D) H E

Advanced | Weak Full-view 12 K 3D video 3840 x 3840 [with 60 H.265 10 FOV: Full 120 ms !
VR interaction | (full-frame resolution view angle of 120°] 340 Mbps | view: i H
11,520 x 5760) 630 ! ]

Mbps | !

Strong 120 1.4 Gbps i 5 ms i

interaction ! E

Ultimate Weak Full-view 24 K 3D video 7680 x 7680 [with 120 H.266 12 FOV: Full i 10 ms H
VR interaction | (full-frame resolution view angle of 120°] 2.34 Gbps | view: ! i
23,040 x 11,520) 44 i i

Gbps I E

Strong 200 3.36 Gbps ! S ms i

interaction i !

@ Springer

Source: 5G System Design, An End to End Perspective, Wan Lei « Anthony C. K. Soong, Liu Jianghua « Wu Yong « Brian Classon, Weimin Xiao « David Mazzarese, Zhao Yang « Tony Saboorian
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DAY 2: ENHANCED MOBILE BROADBAND R

< Holographic Telepresence ds:

Number of ‘pixels’ required in J
Size of object + occupied volume

¢ Gbits: ‘Full parallax’ requires much larger
resolution lseton
Block size of hologram TR collor ]
after processing scan
L

. 60 fps for smooth movement]
Color depth required %
24 frames & random phase
Frames per second %oﬁset ]

+ techniques to reduce

5cm: 10Gbps* speckle

25cm: 60Gbps*

180cm: e.g. human( > 1Tbps Raw Data Rata before
N any compression

6’0" tall

* X Xu, Y.Pan, P. P.M. Y. Lwin and X. Liang, "3D holographic display and its data transmission
requiremen t*, Proc. Int. Conf. Inf. Photon. Opt. Commun., pp. 14, 2011

Source: Keysights
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DAY 2: ENHANCED MOBILE BROADBAND

% THz

Wavelength
300mm 30mm 3mm 300pm 30um 3pm 300nm

/\
_ ; AW ATHZ W IR
radio microwave / Region )
/ (far-IR)

1E-3 0,01 0,1 1
Frequency [THz]

torsions,
collective vibrations

4H3

hydrogenbond modes

|, Visible  {Ultraviolet X-Ray
) i R & T i

i Gamma'RayJ

: Radio . Microwave Infrared

I ! mmWavel Terahertz

Wavelength  10°m 1m 10mm 1imm 0.1 mm 700 nm 390nmi 10 nm 0.01 nm F
: 5 @ 5

molecular rotations

Radiation Type

430 THz 730THz 30 PHz 30 EHz
Fingerprint of molecular structure

Frequency 3Hz 300 MHz 30GHz 300GHz 3THz
Mega: 10° Giga: 107 Tera: 10*?
[ Tera: 102 | o v

Source: User Equipment (UE) radio transmission and reception 3GPP TS 38.101-2
JS Lab
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DAY 2: ENHANCED MOBILE BROADBAND

+»» Radio Access Network evolution

 Distributed RAN
e Centralized RAN mlm

+ Virtualized RAN mr,,“””

B)—

RU | — Centralization

* Reduce transport cost

* Smaller outage units at
equipment failure

* Reduced latency for end-
user services

* Data centers are limited
by floor space and power
supply

*  Flexible backhaul
Benefits * Use at most locations and
scenarios
Challenges e Baseband dimensioning

Rationales

Source: Enterprise Evolution with 5G Adoption, A 5G America White Paper

@— J :‘)((lll))

1)

N
(¢l

Virtualization

Pooling of hardware
resources (optimization)
Fewer nodes/sites leading
to reduced CAPEX/OPEX
Competence consolidation
Energy efficiency

Maximum radio coordination
Flexible baseband
configuration and
dimensioning/pooling

Strict delay requirements
(i.e., fiber fronthaul)
Fronthaul/baseband single
point of failure

g

.

®o 0

)
0‘@

m Distributed RAN Centralized RAN Virtualized RAN

Vendor agnostic comericial
off-the-shelf (COTS)
hardware to enable
innovation across a range of
a software ecosystem

Virtualization on General
Purpose Processors (GPP
i.e., x86)

GPP inefficient for real
time baseband processing
(~1/10)

Diminishing returns on
pooling

JS Lab



DAY 2: ENHANCED MOBILE BROADBAND =

% 5G NR 7|=

OFDM (Orthogonal frequency-division multiplexing)

» Self-contained slot based framework
» Channel Coding
« MU-MIMO
 mmWave
SFEIO} 3t OFDM [t QLU &2 J|¢H SRR EEL! CHEY CHEUE 21
S QIE{Ho| A oYy 3 Y2 |0|Efm}
LT LT
2Eorst KO YA ME-LDPC & CA-Polar i B 0wt
OFDM Numerology (Self-contained) &% 3= MU-MIMO
St ABJE 24 HiX G n . ::, = HB2|X| S BU EZOHE UK 23} S X{2| 3
s;_,\:_; )‘;E—j-{j:u; XIN ArS| ::.,.-: .“"{"‘) & 1 N_. Ne 1 ,“7_-3‘1.7'11 -

multi-user MIMO

Source: https://m.post.naver.com/viewer/postView.nhn?volumeNo=11764280&memberNo=20717909
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DAY 2: ENHANCED MOBILE BROADBAND =

© EHe HIE TZHI(ASK), FEHE(FSK) X 2I4HHZ(PSK).
- 02 1L PSK HEE ALBIO| BE HE7} A5 HE(DY A1)l

J-

X} ‘K(ASCII 4B)'S| &+

Mo

ASK FSK PSK
i | i i i i
| I | | I |
«  Amplitude shift keying (ASK), ' ' /\ /\ :f\ {\ /\ o |
+ Frequency shift keying (FSK), | i i |
*  Phase shift keying (PSK) : | \/ : \/: U \}V | :
1 o ' 1 o ' 1 ot
Symbol 1 Symbol 2+« Symbol 8
i i i i i | i i |
Letter | - : : ' : - ' :
K
(PSK) 1 : 1 1 : 1 : 1 1
I I | I | I I I I
I I | I I I 1 I I
0 1 0 0 1 0 1 1

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 84). Bitflip Media. Kindle Edition.
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< BPSK % QPSK ¥ X=9| H}o|L{2| {|O|E{ EH.
- C|X|E HIOo|E AET 2 EHXl2| CtO|0{ 10N Ho=
Bolg = Qs 1Rt 7|2 Het e 2 HEHEICE

- BPSKE A= 1H|E HIO|E S A TSt QPSKE BPSK

2T 2H|E G|0o|E{E Q3T BHCL.

Digital *1Vr————

Data -1V | —
| 1 0 I
« BPSK (Binary Phase Shift Keying) Symbols Y\ N\ ' N\ /N
 Quadrature Phase Shift Keying, QPSK) ! , !
' ' 180°
Phase Shift
o 180
-O0————0O-

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 127). Bitflip Media. Kindle Edition.
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DAY 2: ENHANCED MOBILE BROADBAND =

% Constellation diagrams for QPSK, 16-QAM (with Gray coding), and 64-QAM.

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 129). Bitflip Media. Kindle Edition. .
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58

Al constellation &

=2 &) /Ea s2EH

Al 71

()
64-QAM2| constellation (01l

< QAM= signal space(

1

9| ion (Of
16-QAM2] constellation (Gi])
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9 PRRRER
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[} L) FA @ . [ s
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2 Figure 2.6.7.4-1. Signal Constellation for 64-QAM Modulation

Source: https://namu.wiki/w/%EB%B3%80%EC%A1%B0(%ED%86%B5%EC%8B%A0)
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< M= 7t ZHd(Intersymbol interference, ISI) X &= X5 AlZL.
- &= X|F AlZto| A5 110 CHolf o ADSEX|TE X 2|22 JolXIct ™oz A= X5 A|ZHo] H|sH
Zch X|H AZY 7L ZH 1S17F HZEICE DLt M E X A|ZH0] X|H 2Hitof H|sH Z2H & ME22
CHE= 7H4d glo] =4I EIC}

Transmitted Symbols Received Symbols

(2]
w

|

|

|

|

|

: |

Symbol Duration Time |

T_sampling_T

lPoin’t§

. 7
Time

T 1T 17

Sampling Points

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 139). Bitflip Media. Kindle Edition.
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< FDD vs. TDD
* Frequency Division Duplex (FDD)
« Time Division Duplex (TDD)

FDD 1 TDD
2 =
2 DL-Frequency 2
[}] (]
=2 =
(o2 o
o o
[T 18
E F
Kk Kk
AlZH(Time) ’ AlZH(Time)

®e 0 38 JSLab




DAY 2: ENHANCED MOBILE BROADBAND

X m=
%-DL

DL

DL

DL

DL

DL
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H(Radio): 2HER Q| FZ|H 7I8ES SLAM7I= o= E@H

)
!

0’0

=g Frequency Division Multiple Access (FDMA)

2. Time Division Multiple Access (TDMA)
g Code Division Multiple Access (CDMA)

1-

I-.I.IZ -|>| -In
N El

In

AL
T
=
=
=
=

Source: https://networkencyclopedia.com/code-division-multiple-access-cdma/

XX 4 JSLab




DAY 2: ENHANCED MOBILE BROADBAND KR

o E"oal 'i'_l'—g—ﬁl- I:l'l El’% 'i'_l"g‘-'_-'-l' A|¢E:'|l Single- vs. Multi-Carrier
- OFDM2 7|E FDMECL} ME 7l2|0{ & C =25HA P
g 4 olct.
Single-Carrier
/ Fre,q.
FDM
Multi-Carrier < .
Freq.
- (W\
Frea.

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 143). Bitflip Media. Kindle Edition.
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<+ OFDM subcarriers formed via multiple orthogonal sinc functions.

Subcarrier Peaks

Subcarrier Lobes

(N

Frequency

Null

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 145). Bitflip Media. Kindle Edition.
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% Waveforms and Mixed-Numerology

< OFDM Al&o| AHE Y

FDM
(]
©
- =
Individual Channels —
/-\/ \/\ TN EN AT g-
// \\\ \\ // \ / \ / <
VYT
( \ 1 / 1 0 5 1 1 1 1 L 1 | L
Frequenc ' 1 2 3 4 5 6 7 8
OFDM (a) Subcarrier Index
Channel 0 Channel 1 Channel 2
f , ) o
Overlapping Sub-Carriers - —1
KK KX AW 0000 8.0, XA X\ c
ATATATATATARY; / \/ // ARYAVATAVATAYAVAW <
?/ulH,lel(u\"l(/’
Frequency » _05 1 1 1 I 1 I I I
1 2 3 4 5 6 7 8
Subcarrier Index
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< Types of antennas:

 OF7|(Yagi), Z= M (parabolic), X} Hu} AXI7} QU= 324X E2 QHH|LE ofo| (=] 7|X|=
LY), I |2 7|EH(PCB) EHO| 22{%l 2D #+ = QHH|LE U J7‘|E| Et 2o OHH|LE

Yagi Uda Antenna Parabolic Antenna Cellular Antenna Printed Circuit NFC Loop
Array Board (PCB) Antenna Antenna

Cross-Polarized
Antenna Elements

Reflector Y' ’
- 'lYl X X XX —
- ’ \ > A P D
| Feed |BiEcE — EI
g 0 0
o SeaS— Reflector
’\ Directors XCopper
Driven Conductor
Element (Trace)

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 170). Bitflip Media. Kindle Edition.
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< Massive MIMO (0i)

64 TX + 64 RX 5G MU-MIMO antenna suitable for Massive MIMO, (Credit: Ericsson) Aurora CMM.100.A 5-6GHz C-Band Massive Massive MIMO has traditi.onally.been used in TDD
MIMO Phased Array bands. (Bevin Fletcher/FierceWireless)

Source: https://medium.com/5g-nr/massive-mimo-75f775ead2e9
Source: https://www.fiercewireless.com/tech/t-mobile-exec-says-massive-mimo-can-be-used-tdd-and-fdd-bands
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< O-RANZ2| RIC(RAN Intelligent Controller) X

Control circuit
board

XX




SA0 o] Fez S

2x2 MIMO 4x4 MIMO 8x8 MASSIVE MIMO

BASE STATION BASE STATION BASE STATION

16x16 MASSIVE MIMO

BASE STATION

Source: https://www.dolcera.com/web/blog/massive-mimo-a-boost-for-next-gen-5g-wireless-communication/

ENHANCED MOBILE BROADBAND

Ceeenu
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00000

000
OO0

64x64 MASSIVE MIMO
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| MASSIVE
MIMO
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DAY 2: ENHANCED MOBILE BROADBAND K

< Types of MIMO

a.

b.

HE2 HEYAS S TjAL YEY

Passive beamforming via a Butler matrix

1 ofgjo] S St ThY '’ otrg=2a YEY

x
2

single—beam analog beamforming via phased arrays

Sd CIxE 2=,

adaptive digital beamforming.

Butler Matrix

Fixed Beams

Ports

@)

(b)

(©

o—t

O—1i

[

I

D

%

ic &

£

%
)

Phase Shifters

Digital
Baseband

RF Chain

Digital
Baseband

o |
| Single Beam

!

RF Chain

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 194). Bitflip Media. Kindle Edition.

<
<

Q

Adaptive Beams

!
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< 7|F ¢tH|Lt2} Beamforming H|
— -1 _AL e r 2 o
<+ HEY2S 3 Fo+S WMESIH X|F 822 15k X|H
Non-Beamforming Beamforming
LTE systems broadcast across Beamforming systems
entire coverage footprint individually target each device
D LTE mmwave
D Radio D D Radio
(EZX: Case study: Orange Romania, Samsung)
Y E Y(Beamforming): & 2E[OE2 R= LA RA0AM Y M| 2[¢E HAHZMN HIoHH, (B E Sof
M2t EF V2 Hdez g = US
o0 JS Lab



DAY 2: ENHANCED MOBILE BROADBAND

<+ Beam pattern for different numbers of antennas in an array.
« QE|LL =5 S| oHx|7t ot SF2 2 O HSE[X|T X2 AMO|E ZHO| == 7}
- OMX|9 OZ2 Ml | SA| ALEXIO|A| MH|AF MSotn o =otX| 242 AFEXL ot Fofl Chsl ‘23 (oL X|
2+

(\ Original Range ___ RX1
Main Lobe \),,” N
e \\ if
Omnidirectional /
Pattern Sidellobas ! [ g Unintended
\ VA A % ser
\ O
\\\
O | ] i RX3
1 Antenna

Massive MIMO Array

4

Increasing Number of Antennas

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 206). Bitflip Media. Kindle Edition.
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|
« 2M9| 2| 4H|0{(Beam steering): IAHZIE MKt SEZ X|T

0x

Main Lobe

Main Lobe
Side Obs’;acle Obs;acle
Lobe Side

Lobe Obstacle Obstacle

2 4

Antenna Antenna Antenna F * Antenna
One Radiating Two Radiating Four Radiating Four Radiating Elements at a
Element Elements Elements common frequency with 45° the

other with -45° phase shift
supporting MIMO for increasing
SNR and channel capacity

Source: https://www.metaswitch.com/knowledge-center/reference/what-is-beamforming-beam-steering-and-beam-switching-with-massive-mimo
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< Y22H (Beam switching): 74 A|AE2 H2| Mot S=517| 25 0|5 tid & R 7S
SAO| L2 & = o, PHHo 2 T4 oHX[o =85 &0, M A2=ES
AL ?iof 272 E E02|F0f el ZO| 24 FX[ ALO| S WEA Tt

Source: Case study: Orange Romania, Samsung
JS Lab
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< M= Mo}t 3} (Signal propagation effects).
- M2 CHE FEE Qs Y 42| 02| SAE0| =470 =51A| ELf.

Reflection

IpEat

Diffraction

-
-
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~
-
- -~
i .
.- - =N N
_t - ~ N\
.- -=" N N
~
. " A== S N
Transmitter _--"_ _--- .
" i .
] g g e N
-
. Bl \\ N
~
‘\~‘~_ ~ \\
SU o N
N
A} e M ~
e N N
\ ~ i ~ ~
\ ‘~~ - o ~ N
\ ~ S~ » \
~ - ~
~ 4. ~
\ L - > g
\ - S~ ~
~ ~L N ~
\ CN i — ~ A
-~ - ~ Ay
\ ™ S~ = ~ .
-~ -~ ~
\ -~. ~. _Direct oS
\ S - N
~
\ D =~ ~ N

é;wattering Absorption "o, S
i | | | | | A T T mmememaca Iz
Bl memmmmaes ) ke ke ek ke . 7 ¢ g7 L E R
I I - - Receivey
@\ s s e
®© © I |

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 44). Bitflip Media. Kindle Edition.
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< HtEnl Fals QT M(CFO) B 550 2tA210] =41E constellation (16-QAM)
 (Left) Perfect constellation after CFO correction.

« (Middle) Relatively low CFO error with no correction.
* (Right) High CFO error with no correction.

e e e e I /cﬁ’%
e o o o I'l“
EHERRES SRS

. W

O Transmitted Symbols + Received Symbols

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (p. 183). Bitflip Media. Kindle Edition.
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< 7|Z 7t ZHd (Intersymbol interference, ISI):

- X|H =hito] MEE ME Ato|e| ZHARCH ZH ME "HE 0| FEEICL 0§ S0 'SIGNAL'O|2H:=
CHO|E HUSIHA 2t BXHE BEO| MEE HASCHD Jbe| BH, X¢ ATH I} BOH 2 2X17}
'SEISHA BY 5= AX| T o{ TS| HIAIX|E OlsHE = ACt 2L X|H AjZto] LR Ho| S X7} HX|H
Gl o] & HAIX|E ofsfE <= Qi ECt

Transmitter ST S2
Symbol 1 Symbol 2 - S 1 GNAL

S &N AL Longer

—_|_| Delay
| —Jﬁ_‘ SS 111 GBS NN AR LLL | Spread
Receiver s2| s2[ s2

SSSTIGEGNNN\MAMLLL
S1| S1] S1| S1

path1 path2 path3 path4 pathl path2 path3 \

\ 4

Delay Spread

Source: Bejarano, Oscar. Wireless: A Total Beginner's Guide to Modern Wireless Communication Technologies (pp. 49-50). Bitflip Media. Kindle Edition.
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*» Wi-Fi Routers Used to Detect Human Locations, Poses Within a Room

\

C
'E

4

'5 & .
' ‘ _} oy
Source: https://www.tomshardware.com/news/wi-fi-routers-used-to-detect-human-locations-poses-within-a-roo
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<+ Axion Detector

To Recsiver
1
Power
Strongly Coupled Divider
Anfenna .
Bandpa==
~| Filler Control &
Microw ave read-out
Cavily Ampliier electronics Detaise
LNA
\ ,,d‘ : {/J| Phase Shiler
Weakly Coupled

Anlenna

Halbach permanent magnet

Source: https://ui.adsabs.harvard.edu/abs/2014arXiv1403.6720R/abstract
Source: https://www.hindawi.com/journals/ahep/2017/6432354/
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< 5G RAN 7]|7|

« RRH(Remote Radio Head): RUE 2|%

c EMEE
RF Z!
OHE| L}
ZEWAT
RRH A0l A
- MUX: ZEEE
-« 34 7|

O O O O

o ZZHJ| (DAS: Distributed Antenna System)
o RF & | (ICS: Interference Cancellation System)

(RU-DU) 91 &

* DU (Distributed Unit)

Kim Young-ki, head of Samsung Electronics

/ Courtesy of Samsung Electronics

CU (Centralized Unit)

"network business
division, shows the firm's 5G network gear in a press conference at
the tech firm's headquartersin Suwon, Gyeonggi Province, July 13.

oz 4

C

SA71 71¥ (71Eh

o OZyE
o CS
o ZIMEYE S
5G F£2 YA List
T2 HE % AR 2 71

SHSNFH|  |QHE|LEL RRH,RFFE
H EHA

TEEEZ 2|

A4

J|X|= | Ao

GaNEH K| A

ACIACIES, 0012613
Q0854
o0 ZY, &2|=
ORI =L, 42|
MEAAY

RFHIC

FAHY ELIFH| FTTX, A4 JH|

SHRA, I EA, ofx|0| =, 072

A Q0|45 M
AE9IS 0I5 of 0| AJE]
Az NP3EEA

Source: https://m.blog.naver.com/PostView.naver?isHttpsRedirect=true&blogld=atlasstock&logNo=221559939410
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Seoul (Guro)

Central Cloud

& x| SMALHXIS] L F/d (KT) — by Netmanias

Seoul (Hyehwa)

T Edge Cloud

5G Smartphone

(Commercialization i " N o l
2019.04) () . N " -
— A f ou Mhockins hilin . ({(.):) AELRE

«CPR

7, \Y o0 <1
(cn) @50

Smart Factory

A Pan of
- 2 one (COMMercialization:
& 2019.Q3 planned)

SG RF Repeater |
Sl and mediam -szed
Dulding. Ap ¥ ment

Factory of C-Stone
Technologies

5G In-Building (FIW PRARAL

Optical Repeater B WSS UG

Large Buildng dewlow ¥ A, 8o Mg
PAERW RED

|

8 YYTNDS

Source: https://www.netmanias.com/ko/?m=view&id=oneshot&no=14450
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& SX| SMAIAXIS] W /D (SKT) - by Netmanias

.
4%, 54
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B A
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ETE NsA
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- Ol Erelof 3 2 AfIA e
kt - Ch2 GlOE| £XjKI! &2, D7 B2 M il
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©
SKTIGR . )
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- 71, 33 CIOIEQ] HARH TR2| I Hot 25t
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Source: https://www.netmanias.com/ko/?m=view&id=oneshot&no=14450
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<% 5G RAN 7+ (0f]): 2I%22| FlexRAN

Ethernet

Deployment Architecture Examples oo e

Distributed Unit Central Unit Data Centre

MEC Services

'
'
________________________ g = L1 Lower

) Hypervisor I Hypervisor
: =2 (Split) N 4 RF Radio B e itecre | Intel Architecture

Front End
~ ) -K - L1 Lower

) b
YW S (Centralized) | I RF Radio

_______________________

Front End

........................

b ()
: Egt(Integrated) ! A

L1Lower

H
y RF Radio
\

=N

e
VNF deployment can be chosen for specific use case scenario’s based on Network Architecture and Latency Requirements
E.G. Sub 6GHz versus mmWave, Enterprise Use Cases
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< vDU %! vCU& OpenRange 2ZE#||0{7} Z&HE O-DU/O-CU MEOM HRAL|=
Of Z2|#H|o|Mo] Z=&El ZH 0| YESA 7| S(CNF) OF7| & X

560 ¥

) N
S ) '

OpenRANGE

OpenRANGE
vDU

R cuceun M3

AirSG-CU SDAP App1l

3GPP Split 2

AirSG-DU-NR RLC

Air5G-DU-NR MAC/
Multi-Layer-SCH

Air5G-DU-NR PHY-High

Docker Engine ’ Docker Engine Docker Engine

2 : Host Server to
Host Operating System Host Operating System Pl Oyt i
@ % = @ |[ % |[s

! . Infrastructure
Compute Network Storage Compute  Network Storage

OpenRANGE OpenRANGE
vDU vCU-CP
vCU-UP

Source: Airspan. Flexible Cloud Architecture with Powerful Openrange Software. Dynamic Fronthaul. pp. 1-39. Available online:https://www.airspan.com/openrange-software/ (accessed on 3 January 2023)

®o0

JS Lab




DAY 2: ENHANCED MOBILE BROADBAND

< 5G Access Network?2| Multiple-Split T+Z= (Two-Level Fronthaul)

Source: WOfL|OF=

5G Core 5G RAN (gNB: 5G 7|A|=})

5GC cuU 4%l &l0]of DU 3¢ 20]0f
7Is&2| 7ls&e|
———— RRC PDCP RLC MAC PHY-H
option 2 Option 6, 7-1/2/3
(3GPP F1) __ (ROE, eCPRI)
/"/_

gNB: 5G base station name

CU: Central Unit

DU: Distributed Unit

RU: Remote Unit

NGFI: Next Generation Fronthaul Interface
RoE: Radio over Ethernet

eCPRI: enhanced CPRI

RoE Ethernet frame (IEEE NGFI 1914 WG)
48 2B 1B 1B

Ordering Flow | Sub | Ether
FCS RoE Payload S I.engthl D [type| Type |5 [PA
RoE Header (8B) \O'FGD
eCPRI Ethernet frame (www.cpri.info)
28 18 1B
Payload |Msg |Rev./| Ether
e I e o[ e =
‘ |\ OXAEFE

eCPRI Common Header (4B)
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1EZ HO|E| £2| 73
; 2812 (AR-VR) & Wi-FiZ 0|8
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DAY 2: ENHANCED MOBILE BROADBAND

% NG-C 9 NG-U Z2E ST AEH

- Hof E8l2l (NG-C)
- 75 3¢ (NG-L)

@ oh g mmom

© oo © ovensan
= © o
[+) ©

© =

UE € gNB €-> UPF € DN

Radio Network ¥

Layer (RNL) NGAP PDU Sessions
: User plane PDUs
OSSN NS NGB Syopopuopmeyuegyeyepe Fepo— ;
ranspon Network S R o
Layer (TNL)
: GTP-U
14 SCTP UDP
= |Stream Control Transmission Protocol
L3 IP IP
L2 Data link layer Data link layer
L1 Physical layer Physical layer

|:| Transport Layers

Network, Link,
and Physical layers

(a) NG-C Protocol
Stack

Ho Syl

(b) NG-U Protocol
Stack

+5 22

Source: Tutorial on communication between access networks and the 5G core, IDLab—Department of Applied Engineering, University of Antwerp—IMEC, Antwerp, Belgium
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o — 7

o OTEE | =

» TREE 7= e
mrT T EEm Y 1
: !
E User Plane CaM SYN i}
i Plane C 1
: :
i = 1
. User Plane ¢ < I i
[ ] =1 3 :
i Data 23 g5 ]

Layer2 | (1Q Data) S4° 83 !
: !
i i
Layer1 | TDM (Time Division Multiplex) |

i i
i Optical Transmission E
e H
« TDM 7|8t

Source: Technological Trends in Open 5G Fronthaul, O|X{&, BfXj 2, O| 24, REHEME

+  Option 8 X|

+  Vendor Specific?t §£0|
+  Point-to-Point T+ X

«  7|2X¢2l Management 7| 5%}

%3
FHIZ

1. CPRI

eCPRI

Transport

Layer
Layer 4
Layer 3

Layer 2

Layer1

| Xto]H

al I = AE
U T2 EES AEH HW
User Plane D?ta Real Time i Application
(1Q Data, Bit 1 Layer
Control ] Y
Sequence, etc) 1 (O-RAN)
‘; eCPRI
eCPRI Transport Protocol ' Transport
1 Layer
UDP (Option) ] ] Layer 4
IP (Option) | i Layer 3
Ethernet MAC 1 Layer 2
Ethernet PHY i Layer 1
Optical Transmission :
- — - —_—— e J
Packet I 7|4t
Option 6,7-2,7-3,8 5 X| & 7t58t 21X
Data formatOi| vendor specific®t £ 20| 2 &

M-Plane2 eCPRI HZ 0N HE 2 Ho|sX| %S

2. eCPRI (CU-Plane)

EAMATH ETRI

User Plane Data Real Time
(lQ Data) Control
O-RAN O-RAN
U-Plane C-Plane
Protocol Protocol

eCPRI Transport Protocol

| UDP (Option) l

| IP (Option) |

Ethernet MAC VLAN

Ethernet PHY

Optical Transmission

+  TransportE 98l eCPrI AFHR

+  O-RAN CU-Plane Protocol2 M| £ 5o 2
HO| (vendorZt S 715)

+  Option 7-2x 7|4t

3a. O-RAN (CU-Plane)

Application
Layer

Security
Layer 4

Layer 3

Layer 2

Layer 1

TCcp

I |
I SSH or TLS |
| |
| e |

Ethernet MAC

Ethernet PHY

l Optical Transmission

+ 7H¢E M-Plane X| ¥
+  NETCONF/YANG 7| %}

3b. O-RAN (M-Plane)
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< O-RANi} 'ZEEZ/0|EZ/ME’
R RIC (Radio Intelligent Controller) 0-RAN

Access Network

NG-SDN Architecture

Initial Focus Areq"'

Operator Systems / Backends data center and '."
OSS/BSS, Global Orchestrators, Policy Engines, Inventory Databases, etc. edge cloud ,"
@ —
CU/BBU 5G Core
5 ()
Unified Control Plane )
Control, Configuration, Management, Telemetry, Inventory, Orchestration
(R
A L
DU

; (@
Switches, Rgft’:g, ﬁi?v?oerk Functions Fronthaul Midhaul Backhaul
CU/BBU

/

Control

\

Plane

Scope for NG-SDN
Buiisa) 'UoiIPOYLUBA
SiomiaN ‘BuibBngeg

((( ’)) \
DU _User 11,
(D) = i Plane
e '{ —UP— F -7
. * CU (Centralized Unit) /// \ /
N. DU (Distributed Unit) ()

5G Edge Core

UP
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DAY 2: ENHANCED MOBILE BROADBAND .

% 0O-RAN architecture, applications and control loops.

Control objective : Input data iTimescale and Appsi O-RAN Architecture
| WEiHEERE e ,
Policies, models, slicing £ Aggregated >1s i1 Non-real-time RIC m—
H KPMS é I’Apps é I R R S e 1
| : o [ o
Radio Resource : (CU-level i Near-real-time [P R .
Management, i and MAC- i 10-1000ms i Near-real-time RIC —
Session Management : level KPMs i XApps T E-2 """""""""" !

Beamforming, Scheduling, MAC/PHY- Realti e
Puncturing, Interference and § level KPMs, : s

Modulation Management |/Q samples, dApps
Packets i

Focus of this paper

Source: https://arxiv.org/pdf/2203.02370v1.pdf, dApps: Distributed Applications for Real-time Inference and Control in O-RAN, Salvatore D'Oro, Michele Polese, Leonardo Bonati,
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< QI IHEYU 51 A{H|A 2j0]0{0 A vRANS H|Z5t= O-RAN OAME Z=E Inovac
OpenCare5G2| 5G xHaul L E<{3 O}7|&8| X

gNB-RU (Fronthaul)

ZF

ND

Mobile Network Layer |— = | GNB-DU (Midhaul | 9gNB-CU (Backhaul)
Service Network Layer [ End-to-End (E2E) to Network Siice [ eMBB and/or uRLLC ] |
Cell Edge Coré
Site Site Center Intellm_et Datacenter Ita
External
5G O-RU 5G 0-DU Network
R O-RAN Split (voU) 3GPP Split
UE (RF & PHY-Lo) Option 7.2x (PHY-Hi, Option 2.0
Exam Room s Switch MAC, RLC) FE
S - F2/eCPRIE .
Ultrasound | Antenna s RRU "} fos r————
H i 1_0_,_6_ LAN-to-LAN —— | ——
( ! =)
e « . ! m B° Y vivo ce oo e
Control Room 56 _— ou | B A Link Lo 5GC (Core) or
Doctor LLS-Lower Layer Split HLS-High Layer Split Operator (vCv) 5GCN (Core Network)
Optical (PDCP)
Real Time Fiber [ CU-CP & CU-UP ]
F2 Interface F1 Interface with [ F1-C
Frounthaul Glass Fiber & F1-U ] Midhaul Glass ‘
(( D Optics (FGFP) Fiber Optics (MGFO) Hon et Time
g GPS
0.10 km
WI-F1 6G 40.200 km
<‘$ RTT 50-200 2040 km 0
e 100G + ks, RIT 12 ms :or;;: ‘10:15
5G CPE ) Migrating to L2 W06 + Unks 1 Comnechs
P2P & Point-to- L2/13 Connectivity y
Multipoint Point-to-Multipoint Point-to-Multipoint

Radio
SubNetwork
5G CPE

Data Rate 20 Gbps

Fonthaul
Transport
Network

SubNetwork
Sync

Data Rate 10 Gbps

Midhaul 1 Midhaul 2
DU
Transport Transport

(vDL) Network Network

Data Rate 10 Gbps

Backhaul
Transport
Network

5GC or SGCN

Access Layer

Agaregation l
Layer

Source: OpenCare5G: O-RAN in Private Network for Digital Health Applications, Dr. Giuseppe Caso, Prof. Dr. Ozgi Alay, Prof. Dr. Anna Brunstrom, Dr. Harilaos Koumaras, Dr. Almudena Diaz Zayas
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DAY 2: ENHANCED MOBILE BROADBAND EX

% Architecture of the core 5G SBA and reference point with the end-to-end control plane

protocol stack and its main interfaces.

PDCP-C PDCP:C m m

FIAP E1AP FIAP NG-AP NG-AP (TS prce PFCP
EEERCT) 2Ot Ot e =D
PHY CCEOENCET) O CEOcms CEO

gNB-CU-UP

Data Plane

Source: Bhat, R.R. Addressing Security for 5G Cloud Radio Access Networks. 2019. Available online: https://www.a10networks.com/blog/addressing-security-for-5g-cloud-radio-access-networks/
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SO}

< O-RAN Alliance?| Z} wGH

WG 0|5

WG1(Use Cases and Overall
Architecture Workgroup)

WG2(Non-real-time RAN Intelligent
Controller and A1 Interface Workgroup)

WG3(Near-real-time RIC and E2
Interface Workgroup)

WG4(Open Fronthaul Interfaces
Workgroup)

WG5(Open F1/W1/E1/X2/Xn Interface
Workgroup)

WG6(Cloudification and Orchestration
Workgroup)

WG7(White-box Hardware Workgroup)

WGS8(Stack Reference Design
Workgroup)

WG9(Open X-haul Transport
Workgroup)

WG10(OAM Workgroup)

HY=0F
O-RAN ®H| 72 2 Use Case H9|, Zt WG HEZE35} &t Hi2

RANO]| Ci5t HIAAIZHNon-real-time) XIS 41 Kt 2t2], 49| 20]0f Hx} £|X{5}
U M2 2|Ms}t 52 X|25Hs Non-real-time RIC ¥ AI/ML 2% M3t D=8 £
{18 A1 QIE|H|O|A JHE

RAN 74 Q4 2 XtS MA|ZH| 742AH (Near-real-time) M|O{ot1l £ X5Iet 2~ Q=
Near-real-time RIC & E2 QIE{H|0|A 7Ht

E| HIC] 7t S240| 7k LY ZEEZE QIET0]A(0-DU2H O-RU Ato|2|
QUE{HO|A F2) THe

F1/W1/E1/X2/Xn QIE{HO|AS ¢[5t HE| WKy T2t #24(0-CU X O-DU AL0|2]
QIE{HO| AL ZHAE T2 M) JHY

i —3
Near-real-time RIC, O-CU, O-DU S0f i3 RAN SI=20{2t ATEQHE 22|5H0
RAN 7HA3tE A8igt & QTS 517| $t 22RE S E0| s ==X 721X 4

SIO|EgA 7|EO JHUY 7K =2 StE/O F= CIAR! JHE
O-CU ¥ O-DUE 95t ATEQ0f 7= Y &=E CIXIQI i

0|4l QIHMO|A J|Hlo] ZREZE DIEE, WEUH M XS 7|82
xWDM, DOCSIS SOi CHgt 7|& 27ALE, O8I S8 Fo
2| QIE{H0|AQI O1 QIE{TH|0|A OAM(Operation Administration Maintenance)
4 Y

ol PON,

Source: Technological Trends in Open 5G Fronthaul, O|X{&, BtX{ 2, O| 24, R EMAEMAHAA ETRI
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DAY 2: ENHANCED MOBILE BROADBAND

< M1d 7tset #H H|E ALIZ2| 2 (Reconfigurable surfaces deployment scenarios)

@ ‘ong-range LOS rooftop point-

e D-band Ink
Ind Al
Mobie-access link emv’:of“ . AL to-point backhauling (Use case 1)
(below 100 GHz) Street-level point-to-point and
. treet-lev -to-point
m&unswmmu (5 O point-to-multipont backhauling
8 (Use case 1)

Remote rado " i i o Street-ievel point-to-point and

head I'-k)vmg Fixed point-to-multipoint fronthauling
RIS IAB Obstacle B g |8 g Obstacle i (Use case 1)
An Case Case qR: @ 'ndoor NLOS connectivity (Use

tenna o . Tolis case 2)
Fiber link et —, © Data kosk (Use case 2)
owe g
(J Datakiosk o = L .
¢ : [5) Dynamic frontbackhaul
connectivity for modle 5G access
am it
|  Lamppos (6] nodes and repeaters (Use case 3)
~ 35305'3'\0 . s Core Faled Ad-hoc deployed drone
I network p B -
¢ | \ remote acting as repeater, @ v2v ans vax connectivity (Use
| radio head carrying a D-band case 3)
" ! transceiver
vax V2V connectivity | 3% 6 cE
Information about UE { AN -
'
(g e ot s
lormation abou [ Road " yed & Flying drone acting as
with attached repeater

remote radio
head

the accident (such approaching cars
accident
as video) is & D N S S - — :
dispatched to cars r e e (il 2
" Traffic rerouting ' t

from the traffic ight
. based on the

in order to reroute refayed Informatior
y 1 Y n

them
7 about the accident

Source: 5GPPP Architecture Working Group, 5G Architecture White Paper
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% Y2|0|E{T} Y oIZ0IM 6G LIEYIS HAl 2id S2Mojl T3t =ot 2X)

Legitimate Users D
- \ \
( "\

l"'l' OV
[rmimeng Nen Ir )
Input Dataset .—Q—) ‘&"' I}
Towt Set - \
Base Station
-
L. ~
. ".l.m.vp:‘lkn.u‘, »H'.- n;x'~1.x;|-‘c .\I ‘a’
l grm l put X - x .\-"-n‘nnlv,xll" X. 0 ° @
REEFEE T E— e

Source: https://www.sciencedirect.com/science/article/pii/S1874490722000155?fbclid=IwAR3pITAJqU92g4ByHS7FsCond6Xih9DdKIbmgXjuubDRtXb2tko8kPSX-4E
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DAY 2: ENHANCED MOBILE BROADBAND 2

< 5G x| 1oTO|M FDIA(False Data Injection Attack) & DDoS &2 0% U EX|

= Private cloud
= Data centers

1

= Process servers
= (Cloud Unit (CU)
= Central server

) [ cloud tayer |

S
)
>
=
2 [ Reaction model ]
b=
Prediction & detection
model
—

- 1

| |
| |
| |
! ! = |oT devices
I 1|l 5 = |oT edge devices
| Iy >
©
I i[=
I e Collector model
I I3
I < '
| |
| ! Data ||
i -
L loT devices Smart hospital Smart homes & Smart cities  loT devices : Security threats'
o A = False Data Injection
@) Commands transfer sseess » Mitigation commands — : attacks
--=-» Security attacks . » Data collection g = Distributed Denial of
Attacker Services attacks

Source: https://arxiv.org/pdf/2201.11368.pdf?fbclid=IwAR2Ac8ItnbsCloAZKAXCLAXxFQAVGIiX7xTIPIvj217yM7k8cUuhUz8GV0Cg

XX JSLab




DAY 2: ENHANCED MOBILE BROADBAND o

% 5G/6G Y EQIAE 98t |58 N2 EBAE OF|H A (iZTA): O-RANS| M 2Hoj| A

5
oAl 2o YA, BHN % A

- =

Core Net
MEC Service ! NEF NRF UDM AUSF PCF —+— AF
T;; MEC |
MEC . service SME
gNB : 5 UPF 5
nex () 6P () | Traffic || L N
raffic i Na NTd AMF E Pata Network
— rules = o ' -(D_N)I-
gNB (Portal) T T ' ’ ’
|
o = ((( ,)) ;1 MEC Host N3 NG :
S5 == -5 :
£9 2 N6 I
(SX] i SR R ;
N = gNB i NG-U NG-C : > |
i _ PEP — O-CU-UP —— O-CU-cP — <[ | | £
((HH) : | | X2/Xn-U | ;
i : ‘ | i l ml :
(O | H
= = | i O
e S 2 @ PA RAN Intelligent o1 i :
IGP (Agent) g el & '

IPE j controller (RIC) l Intelligent network

UE security state anlaysis
D ; | PE L/ v
Al

Non-real time RIC —— (INSSA)

Source: https://arxiv.org/pdf/2201.11368.pdf?fbclid=IwAR2Ac8ItnbsCloAZKAXCLAXxFQAVGIiX7xTIPIvj217yM7k8cUuhUz8GV0Cg
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DAY 2: ENHANCED MOBILE BROADBAND

% V2X Standards (L1 & L2)

!

5G NR V2X LTE V2X 802.11p
(sidelink) (sidelink)
Max. Bandwidth 40 MHz (Flexible) 20 MHz 20 MHz
@ sub 6GHz (>150Mbps) (~ 70 Mbps) (54 Mbps)
ITS channel (Korea) - - Multichannel 10 MHz
ITS channel (US*) - 20 MHz 10 MHz
Comm. Type Broadcast, Groupcast, Unicast Broadcast Broadcast
Retransmission HARQ HARQ (blind) -
Resource Selection Mode 1 (gNB centralized) Mode 3 (eNB centralized) CSMA-CA
Mode 2 (UE sensing based) Mode 4 (UE sensing based)
Modulation QPSK, 16QAM, QPSK, 16QAM, BPSK, QPSK,
64QAM, 256QAM 64QAM 16QAM, 640AM
Channel Coding LDPC / Polar Turbo Convolutional
Waveform OFDM SC-FDM OFDM
Source: US FCC Nov. 2019. US FCC FNPRM Oct. 28 2020 will be explained later session
JS Lab
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DAY 2: ENHANCED MOBILE BROADBAND

»» US 5G NR V2X case

5.850 GHz 5.925 GHz

Proposed LTE-CV2X » CH 183

CH 175 CH 181

5850-5855 CH 172 CH 174 CH 176 CH 178 CH 180 CH 182 CH 184
reserve Service Service Service Service Service Service Service
5 MHz 10 MHz 10 MHz 10 MHz 10 MHz 10 MHz 10 MHz 10 MHz

Proposed Unlicensed Wi-Fi Sharing » Would move all priority V2X
| ] communications into upper three
| channels

Also proposed detect-and-vacate Sharing;
leaves priority V2X communications in
place throughout the band

DSRC (Dedicated Short Range Communication).
VX822 SEE|UH 5.9GHz THH 771 *i'E 5 52l 471 *'2-2 wiFioll 2ot &9l 37) 'S Cc-vaxof 2

(‘ U.S. Department of Transportation
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< V2X: Vehicle-to-Anything communication
j V2N

ehlcle-to Vehicle Vehicle-to-Network

DAY 2: ENHANCED MOBILE BROADBAND o
(f;‘é)f
N

=
||
V2D

Vehicle-to-Device V2P
Vehicle-to-Person

-1y =T >
B

L
b

o
3

P > o) o
V2G V2|
Vehicle-to-Grid V2X Vehicle-to-Infrastructure
Vehicle-to-Anything

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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E MM S8

oy

ENHANCED MOBILE BROADBAND

=iy

al
x

A8
Sensor Type | Range |Example Usage
Proximity Sm Ultrasonic sensor Detects nearby obstacles
Sensors Parking assistance
Short range |30 m Forward camera Recognition of traffic
Sensors Backward camera signs
Short range radars Detection of blind spots
Alerting cross traffic
Lane detection
Medium 80-160 m | LiDAR Detection of pedestrians
range Medium range radars | Collision avoidance
Sensors
Long range|250 m Long range radars Support adaptive cruise
Sensors control

Information collection at
high speed

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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» X8 FH U AYE|S Yo X|5H HA

éj%%% Cellular E ‘__: |
QSG 5 B
%%% DSRC : g ‘
()

Ambient Sensors

GPS/GNSS o _ - .
e Long range communication = (iiaseric
. e Largerinsize 7 g B
T LiDAR » Sensing environment 3 ... ol Sensor
e Low power consumption Optical [

Low bandwidth Sensor e i
Infrared Q Detection Sensors _ "’I
Cameras Low bandwidth wRIaSS

Low power consumption Magnetome.ter
Smaller size

Short range communication
Mounted inside vehicle

———

Radar

Backscatter Sensors

¢ Medium range communication
« High power consumption

» Mighbandwidh " Intelligent Sensors ~ Measuring Light Gric

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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hE 9I8t HIEYD Satoly

>
N
<
Ral
Mo
ek
o
»a
]
Jo
m
N
2>t
ol

Service Instance Layer

Vehicle Safety Services
Entertainment Services Service
Information Sharing >
e = Management
Passenger Connectivity -
Vehicle Maintenance Services @
s
Network Slice Instance Layer {} ;‘-Zr
s N
Infotainment Slice T 4 ‘_ﬁ
‘ _ = — g g o
E - <.
Autonomous Network Slice | [, @
Driving Slice */7\ /_\* <—>| Management g
\ J 8
(g
o
Infrastructure Layer @ o
=
p
Virtual Network 1 Physical Network Resource
Resources Resources Management

ACV (Autonomous and Connected Vehicles)
Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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< 5G X|2 SDNO| ACVO] O|X|= HEk

. A x|
. CHo|LtE Az HH
- XX MH|A

. | ~~

- EBjig =4

1
M

North

Traffic Prioritization
Bound

Intrusion Detection

: CONTROL 0
""""" PLANE
...... Controller

Wes
e Controller1  Bound

3 Interface
= > 4
Soo B s ’
og @ 23 e o 2 p
K S D @ o .
£SE g R A 2 " 2
£ g . : 4
- = R %, Low <

%
o
Q. 7
Q,
%
%
‘0
,
S
¢

o )m SWITCH ".' Latency

*gervices
.
.

PN Wrong Direction

Message
Broken {4 24-48GHz
down car Warning 400m 4 High band
ahead
Mid bands Il
s
N Mid bands |

Accident PG
Alert

EDGE

ERVER .* vai:
Lartt <t
RSU - EDGE RSU
: ISERVER

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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< AV HIO|E +%, HIo|f HMZ|, F2 A= % X H[of

=[] L=

— 0
e -lRoad'- Following the
! £ ZoS ¥ Network Trajectory
M o= =
Localization”//- ’

1 Navigation Control Speed,

r (((( )))) Direction, Lights, Horn
L /é 15 A
L E> T-p* !

Local  Cloud/MEC Path . ot
Vehicle Processing Processing Controller assenger Safety

Sensors/V2X Data Processing Path Planning Vehicle Control

LLL)
LI

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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(i e Suane e, e I
N ,r)/\Q T e w s 'Brak ) .
@ @ understanding: ’ 2 '% il S‘ g@ :
. ff:.\\ ﬁ P " 38 fe@% :
E © B 5 =i E
SV \J e - ] - s 9®=
iE a Basedon 78 Behavi E:pmnm P '
: 83 .sensed datai: 2 & ehavior :: planning : % Acceleration
URADAR ...... Og _________ Rr_?gl.(.:.tl.(.)_[]._o

\_ Sensing Perceive Localize Control j

.........................

SARRERSERSESEEVEIRE IRy, Scene ~,: . =
; - @ understandlng A @2
IA\ ’ 52

\\/J  omm— : L

‘ Based on .&,_’% Behavior plz::ng l‘l& B :

o0 : HE i :

........ Bﬁgﬁ\ﬁ_"_""lsensed data ..og.pr?dmnon.’.. °.......................--'. K Acomeraian <

Sensing Perceive Localize Control

Source: Autonomous Vehicles in 5G and Beyond: A Survey, Saqgib Hakak, Thippa Reddy Gadekallu, Swarna Priya Ramu, Parimala M, Praveen Kumar Reddy Maddikunta, (arXiv:2207.10510v1)
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<« 7|7 - 6G 6Lt S 7HE 20F & 10CH F =futx|

Source: 27|82

< 6G
JER(SG) B FHEO
qu A
* 5G US4E(20Gtps)
2E0i471 0188k
224 SUMHIA
s o o B
-THFE, WU ARVRE
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Lt |
«semgy pusn o ¥
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DAY 2: ENHANCED MOBILE BROADBAND 2

< SDN
- SDN 5 M of7|EHI X o] 7l &

Cloud applications

- J
4 )
Network applications Virtual Network Functions
Cloud Cloudifying
networking Software Networks NFV Platform network
SDN platform

N
J

Networks
\_ J

Source: Software Networks (Virtualization, SDN, 5G and Security), by ISTE Press Ltd and John Wiley & Sons, Inc. 2020
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» Virtualization

* A set of software networks.
- HIES|T 2at0| A

Source: Software Networks (Virtualization, SDN, 5G and Security), by ISTE Press Ltd and John Wiley & Sons, Inc. 2020
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»» 5G core NF and slice creation

P EAEH s VMware
A

Aol vym M 8
»  VNFD Model! Definition 5G I%Ef(:lﬁ/}NF
VMimage » OIAEIAT :
) »  Cluster Model Definition

* VM Flavor : 2alo| A Hi
e VM Networks »  Assign K8s Roles Create NSI & NSS! For Each NF 5G =0/ £/NF 1|1
« IP Desian *  Master and Minions NSS! is build and instantiate ’

9 base on the VINFD build NSST Base on the NSD /NSI build

«  Define key parameters config and apply

for to convert into
working configuration
* Inject day-1 configuration
INtO each apphcation
Source: 5G Mobile Core Network, Rajaneesh Sudhakar Shetty, apress
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< Management £7} 7|5: Consul Cluster (HashiCorp)

< Management Trend 112]: Service Mesh (Istio)

SMF AMF AUSF K
(Session (Access and (Authentication E N etwork S | |Ce 1

CPU Load

<

----------------------- . °
' NRF Q| 27}7|5 | < .':.: Response Time

CPU Load

<

Management Mobility Server

Function) Management Function)
Function)

JuSEEEEEEEEEEN)

SMF AMF

»
u
[}
[}
[}
(Session (Access and (Authentication
Management Mobility Server :
n
[}
[}
n

Network Slice 2

Response Time

<
<

Function) Management Function)
Function)

SMF AMF AUSF

»
u
[}
[}
[
(Session (Access and (Authentication [
Management Mobility Server :
n

[}

[}

n

CPU Load

~. .
~o oo i
< ®°2s  Response Time

<

Network Slice 3

Function) Management Function)

Function)
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» X552 9o
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< Configurations of multi-slice UE in 5G SA with MEC

Helmond Den Haag
edgeUPF | ' ! | SMF1 UPF SMF 2
Den Haag {
O 775 gNB | AMF NSSF AUSF
&)
O UE NRF UDM
Helmond
MFC SMF 1 edge UPF
slice
UE gNB AMF uoM || NssF || NRF | | AusF
Star!dard SMF 2 UPF
slice

Source: 5GPPP Architecture Working Group, 5G Architecture White Paper

’ o
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< E2E Network Slicing Architecture

Architectural solution 5G PPP Project

Slice ordering architecture and lifecycle = 5G VINNI
management

Slice Manager 5GENESIS

Composition and sharing of end-to-end = 5Growth
network slices for vertical service
arbitration

5G-VINNI Customer

1

~

|
~
E2E Service
Operation
4
1

[

.
-
\
/

-

v NFV MANO & )
— NFV Domain Service
MANO Operation
A
| ' P ' I
I IPESNGESSNG
[

1
eMBB Slice \
AT i \ 74
1 ( miol Slice ] T Network &

| URLLC Slice ____Infrastructure

F 1 F \ ; N

| Customized Slice L SChZt HEQ|3 &2to|A )
A N /

CN Domain(s) supported by
5G-VINNI Facility Site(s)

RAN Domain(s) supported

by 5G-VINNI Facility Site(s) Dol e I IC e

5G-VINNI Facility Site(s)

Cross Domain Network Management & Orchestration

5G-VINNI E2E Facility

Source: 5GPPP Architecture Working Group, 5G Architecture White Paper
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% Sample Enterprise Network

o
xQ
O M=

Ve

DG1

R

O E\’Q

(cameras) - G

)./

p
DG2
(IoT)

-

)\

0
O/

DG3

0000
0000

(phones)
L 000

)
()

Lobby

()

Camera Slice
L

— | loT Slice

/

~— | Mobile Slice

N\

OpenVINO app

Googl
W o

AN

!
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< 3GPP Slicing model

Communication Communication
Service Instance 3 Services

Communication Communication
Service Instance 1 Service Instance 2

NSIC

@ Core Network

Access Network

Network Slice Subnet Instance (NSSI)
Network Slice Instance (NSI)

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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< A typical factory environment blocks and reflects RF signals. Source: Keysight

Air conditioning/Plant equipment

Other local data data
emitters Jammers

%\\ N N N N N %\\
> > > > > > >
) N R\ R
@ ?(.fr.ﬁzhf @ Controls Alerts @ Controls @
Ermitters —
G =

U : ) 27T %o I % 0 %o u m
- e UM ---Y 9 ¢ Y ‘ T % ¢ Temma- e - -- =
@oo © o awcHO Coooo0o000)OH — ©_O @

Source: https://www.ednasia.com/designing-and-testing-industrial-devices-for-5g-private-networks/
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*+ Industrial 5G at the Hannover Messe

CPU SIMATIC S7-1500

[]

SCALANCE MUM856-1

SIMATIC ET 200SP

5G infrastructure
SCALANCE SC-600

LoLLT Y
1 o M

Radio Unit

_____ Decentralized
periphery

=N

2Cleo PROFINET 10

VXLAN tunnel

. Ethernet

5G Radio Access Network (RAN)
with Central Unit (CU) and
Distributed Unit (DU)

Source: https://press.siemens.com/global/en/pressrelease/real-time-communication-5g-profinet
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*** Private 5G

* PAN-CNI plugin for network insertion

\
i e
et | netabinen = ‘Series
CN-NGFW> <CN-NGFW> <c
//

App Node

\ o Shared k8s Clu§ter Shared k8s Cluster

\

\n;
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% NFV (Network Functions Virtualization) and beyond

How to achieve integrated management?

J— Cloud Native Architecture @ B .
Over the Top Deployment :

Step 2

‘ Container ‘ | Container ‘ ; VM
: Container

| Kubernetes | KubeVirt/Virtlet/
VM ] | VM ‘ OpenStack :
HyperVisor \ ‘ Kubernetes ‘ :
Whitebox Server ‘ ’ Whitebox Server ‘ ,
Enabling Ture Cloud-Native e

Deploy k8s on Openstack Architecture VM/Container Management with k8s
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< Cloud Native LB for 5G Edge (%): LoxiLB
LB

* goBGP
2y eBPF Project Landscape X +
) SR'Iv'g & > C @& ebpfio/projects/ TS o
) -
Z.Crp ./ o) eBPF summit 2022 (28-29 September) RegisterNow! >
) ~ \

HeBPF

This page lists a number of open source projects that use eBPF as the underlying core technology. These projects are not

r
User Space loxilb necessarily under the but are listed here as a survey of the eBPF project landscape today. The ordering
dockes of applications is based on the number of Github stars (high to low), updated on a quaterly basis.
Applications (Emerging)
| pp ging
1038/ unicad config/stats
LoxiLB
— - eBPF based cloud-native load-balancer for 5G Edge
tc hook ic X |
xdp héok arives [ LoxiLB is an open-source cloud-native "external" service load-balancer for cloud-native
1 5G/edge workloads written from scratch using eBPF as its core-engine and based on Go
tirvoor oevvvet Language. LoxiLB turns Kubernetes network load balancing for 5G/Edge services into high
speed, flexible and programmable LB services.

Source: https://ebpf.io/projects/
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+» VCDN use-case with elastic MEC-enabled slices

CDN/OTT Provider

CDN Video Head-End & Managment Platform

ame e e e om

e s s e as

e ae e e s
Packaging SJ(bg‘r‘xzs{ & 5‘;?3}_‘:‘5 Transcoding Encryption

Management

Old slice

: o| AHUOLL B ‘ y
N vCDN2| Aot =%t 1 SERVIZS TSl Slice Extensio

ase
Stack W Bk

UEs ED Service
Provisioning
Source: 5GPPP Architecture Working Group, 5G Architecture White Paper
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% Slice Manager Architecture

Interface with Coordination Layer

’ A Slice Provision Slice Lifecycle Manager s e

Repository

Resource

Slice Mapping Slice Monitoring NSI Record Infrastructure |
Monitoring

Architectural solution 5G PPP Project AdaptationLayer gl

Slice ordering architecture and lifecycle = 5G VINNI K e [ e ' J

o -
management '
Slice Manager ‘ 5GENESIS v S S Sy R S B
Composition and sharing of end-to-end = 5Growth G e @ B
network slices for vertical service :
arbitration

* 15 Application
Fronthaul

()

Se

Probes/T6s/
Testers

Telco Core Transpor/WAN Edge

Source: 5GPPP Architecture Working Group, 5G Architecture White Paper
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% 5GTN MEC deployment in NSA mode

x.

UE Drone

1.

UE Field user

4G Radios

5G Radios

N o o e e e e e e e e e e e e

l( EPC

|

|

|

|

; | HSS MME
|

|

|

' [ow|  [pew}
|

I

|

|

\

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
)

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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% 5GTN MEC deployment in SA mode

((‘ ’)) 5G BS
Q-

E
UE Drone
.
5G Radios
[].

UE Field user

-~

\ / ) N
| I Centralized 5G Core I
| ' !
|
| || NEF || AMF (| NRF II ubMm :
I
] ! I
| ! I
| ! I
| Il PCF SMF || AUSF || NSSF | 1
|
| |
| ! !
| ! I
| : I
| |
) '\ I

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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< MEC-enabled intent-based management architecture

(M intent OSS/BSS
StO Os-Ma-nf
oo A — T
o User app Mm3| ———————m— | ¥ i NFVO
"o LCM proxy MERO E MlEPM niral
QO ’ ) ';" ¥ Or-Vnfm
@ : Ty :Mp1; Mmo o ! iVe-Vnfm-em/vnf
- | Mm2 | 3¢ 5G-AP — ? e VNFM*
\/stsmi|  Slice Manager et L MER ] 2 )
5 $ 5G-CP o222 | S | vivaim]
e | i Slice Operations
SN 4 5G-UP Support ¥

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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% Intent-based management framework with the internal structure of network slices -

ETSI NFV MANO extensions (slice management plane shown in navy blue)

0SS/BSS

NFV MANO

Network Slice§ w

Or-Vnfm

| Ve-Vnfm-em;
SliceTenant erantn F
Portal 9 3

: Ve-anm-vnfé

0Os-Ma-nfvo

_______

Or-Vi

Management Interface
[ R —— i ——————— |

3 [
Slice KP1Monitoringand AL : ¢ Vi-Vnfm
N Management 3 H
Reporting , 3
Functions R I e R S

Slice Configuration Support d E E
(Intent-based) 1 Nf-Vi H E

E 5

1 . 4

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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< Exemplary implementation of ISM utilizing K8s as the VNF orchestrator

| Slice Creation Portal |

Slice Management Portal

re " - - T T T T

|
L

0SS/BSS

Slice Creator

Slice Creator

Postgres

Slice Manager

Network Slice

RabbitMQ

Elasticsearch HQ Elasticsearch

Kibana

K8S Cluster (NFVI)

K8S
Orchestrator

VNF Repository

Infrastructure
Monitoring

Grafana

Prometheus

Source: Report on infrastructure-level enablers for 5G!Drones, European Union's Horizon 2020 research and innovation programme under grant agreement No 857031.
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& Y ESI Zato|A

« Public 5G U/ E9|3 / Private 5G U E{3

Public 5G network/Private 5G network (Network Slicing) [:] 5G NF (CNF)

aws aws aws
I:i Altiostar Altiostar

((( ))) 5G O-RAN Mavenir Mavenir Nokia Nokia
DU AMF,
RU

@ Ure SSSmmSaoees “Lsws. ..
5G RAN DU 5G RAN CU 5G UPF 5G Core CP
5G RAN RU
- NFVI NFVI NFVI
Japan Fujitsu
Tawan MTI AWS Outpost AWS Local Zone AWS Region
In Dish network AWS infrastructure on Internet

Dish's Public Cloud 5G Network on AWS
Network Slicing (Separation of traffic between companies by allocating slices for each corporate customer)

Source: Netmanias
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5G 221 E3S} of7|El N

- =2 AE
- 7Hd=t Al
- ECRES AIF

R/
0.0

. RE UEYA |5 Yt
Hot (82, 7Hy, HH0|L)

« 5G Y EQA Aof| S=s=
MH[2et of Z2|FA| 0] H2] Bt
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< HES3A =2t0[4 (0l): ENISA(European Union Agency for Cybersecurity)

S2H0|2E 56 22 7| 5G Security Architecture
Network Slice
Tenant Tenant Tenant
Networ k Functions (NF)
€
(@)
pr_ 0SS /B SDN NFV =
<
=
Virtualized Infrastructure /
2 s x¥?,
ora 0 g 0 : en;sa

Source: ENISA 5G Security Architecture
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< Edge Pattern for Infra

e Multi-Cluster

« Standalone

Regional-Edge / Near-Edge Site

% Observability
Stack
% Fleet
Management
% Build
Engine

i

e

Baremetal

VM Substrate

<"3 2. Standalone

-
-
—l

* Low Compute e.g. Single Racks, with local or
software-defined storage

* Lower Latency / High Performance Edge

» Standalone, dedicated applications, with HA
and supporting mgmt. functions e.g. Private
Network Edge

1. High Security Multi-Cluster

* Regional or Near-edge site supporting
multiple racks of compute

* Multi-cluster, for different function types
e.g. RAN ‘vs’ AR/VR Cache

* VMs provide security and efficiency for

hosting K8s-masters and supporting

functions, in a multi-cluster environment

Far-Edge - Standalone site

e

Observability
Stack

Fleet
Management

Build
Engine

Baremetal

Master
Worker

Master
Worker

Master
Worker

Far-Edge - Standalone site

/

W

R

Observability
Stack

Fleet

Management

Build

Engine

Baremetal

Master
Worker

Master
Worker

Master
Worker

I
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< Edge Pattern for Infra

» Minimal Footprint

Regional-Edge / Near-Edge Site

Observability
Stack

5

Far-Edge - Child site
N

e

\

4

VM Substrate

@ 3. Minimal Footprint

[ =]
-
—

* Compromise on HA for a minimum server
footprint, single or dual server with on-board

storage

 Array of far-edge “child” sites providing low

latency applications

* Absorb the Management & Observability stack
into the nearest regional / near-edge “parent”

site.

Network:

Low Latency
Sufficient bandwidth
(up &down)

Dual Server

Far-Edge - Child site

Micro
B e

Single Server

Far-Edge - Child site

a ™
W Single Server )
Far-Edge - Child site
d B
\ Single Server )
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% 5GTN testbed architecture ( OpenStack / VMware )

Cloud band
NFVO >

SDN, NFV, cloud -
computing \’\/\/
MANO R

support

capability

Open-source

Cloud band )
Cloud infrastructure VNEM 4

NVFI, VIM

Design criteria

ML-enabled for 23
network slicing
Macro cell

testbeds

loud core-2

Slice-B
3 ,/f"T IMS | [VMME [ vS/PGW |

I HSS
®\ [ |@meermE= | )
/ I—Vlrtuahzatlon layer | OSM >

[ NVFI [——MANO[|

Cross-location
support

Design criteria for network slicing testbeds.

Source: Wireless Communications and Mobile Computing, Volume 2021, Article ID 6655216, 26 pages, https://doi.org/10.1155/2021/6655216
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% 5G for loT testbed architecture ( K8s / Docker / OpenStack / Open Air )

n G eccccccnna .

openstack :
D — s
SDN, NFV, cloud 1

. Oslomet D
Gateway oslomet

network ~USB — 7
g
128.39.120.0/23 USIM

computing

19830 120 1
128.39.120.1

MANO
capability

Trondheim
network . )
158.36.118.0/23  [—Fiber link

Management l

158.36.119.94 g% 1~ IP:192.168.0.1 |

et ‘ USB
Router ‘

Gateway Cisco 2800 >

Design criteria 158.36.118.1 __/ dOCkef

‘

)

L

'

L

L

L

L

L

'

) L

{ '

'

{ )

1 1

'

1 '

ML-enabled for yommm . VLAN 10 - 192.168.10.0/24 Laptop (DHCP) { '

. VLAN 20 - 192.168.20.0/24 :

network slicing ((( ))) { 5 ‘
EPC Network {

i ]

'

)

L

L

'

L

)

'

1

L

'

Sllpp()l‘( Kubernetes OAI
provisioning

in cloud

Card reader
blutronics bludrive II

Open-source

testbeds i & I

'
'

' !

' g <«—Gigabit ethernet u‘ .

[ ‘ container
'

; Switch PC Ubuntu 16.04

'

'

'

'

cisco 2960 _
Multi-RATs Distinct E; ‘W(« )))
— Lo // . -

USRP B210

Cross-location

(7 sal
N IP: 192.168.10.4 OPEN AlR
support 5

USRPN200 | ,=====------

192.168.10.2 == INTERFACE 5

eNB
Softmodem -
container

' E MIMO 4x2 E

. . . . . ' Band3: 1865 MHz DL !
Design criteria for network slicing testbeds. ' ‘ oML UL !
‘. _UE e

Source: Wireless Communications and Mobile Computing, Volume 2021, Article ID 6655216, 26 pages, https://doi.org/10.1155/2021/6655216

LR K 2 JS Lab




DAY 2: ENHANCED MOBILE BROADBAND

<+ Comparison of small-scale testbeds for network slicing in 5G,
» denotes supported feature ;

Cloud Multi- Multi-z

Testbed SDN NFV comp Multi-domain N—_ MANO RATS Open-source MANO type
-d df ' | ‘
enotes unsupported teature T T R AV 7 7 x x Fx x X X
2. 5GTN [40] v v v X v v : X V (https:/5gtn.fi/) OSM, CloudBand
3LSEMIOTICS [41] ¢ v v v v X H" x Y (upsiiwwwsemiotics: (o cker
: project.eu/)
4. Mosaic5G [43] v v v v v v v E X X v (http://mosaic5g.io/) JOX
: SM and a customiz
5. Orion [45, 46] v v v v v v X H v X OSM \nfl \f\l\ﬂ)lﬂllt‘d
orchestrator
6. 5G Testbed for v (https://github.com/
NS [47] £ v v/ v X & X X ashxz47) X
7.POSENS [48,49] « < < v v v X ¥ (https://github.com/ Customized OSM
wnlUc3m)
8. UPC testbed [50] v X X
9. M-CORD based v (https://nick133371 e
testbed [52, 53] v .github.io/) 403
10. NS for 5G IoT
and eMBB [55] v f of v v L v £ X N
11. Transformable e T
resources slicing v v v v v X X X VESE, Nlhu.—nt_‘“' Ll
= OpenStack
testbed [56]
12. DSAF [58) X v v X X v X X X (,us?onnuﬁd python-
based orchestrator
13. SliceNet [59] v 4 v 4 4 v v v X OSM, OpenBaton
14. IqInf testbed (60] v 4 X v X X v D ¢ X X
15. Slice-aware SA Service assurance
testbed [61] v/ v/ A X £ v/ LS £ X integrated with MANO
16.Simula [62,63] v v v v v v X x ¥ (hupsi/jgithub.com/ osM
.\‘lmula/Sg\'mnlrn;uAns)
17. 5GIIK [64, 65) v v 4 v v v v v v (https://bit.ly/3rgOgd6) OSM
8. ONAP based H
AP H
ONAP estbed [67] £ L L v v VA : X X X ONAF :
T T T T R LTy e L L r R T T T I T T T T T Iy E T T r I T I T T I I I ITIIIT I (I e Ne s sEEEEsEEEEE s EEEEEERSEESEsRSEESESsEEEEESssRERRERRRRREnnn
19. BlueArch [68] v X X Open MANO, RIFT.io
20. MEC IoT H 5
platform [69, 70] v v v v x v v : X X X X OSM
21. CAI [71] A v v X X Voiox oiox v (https://bitly/3tXErSX) X

Teerennd

Source: Wireless Communications and Mobile Computing, Volume 2021, Article ID 6655216, 26 pages, https://doi.org/10.1155/2021/6655216
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% OSM service platform architecture.
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Source: VIRTUALIZED CELLULAR NETWOKS WITH NATIVE CLOUD FUNCTIONS, Iria Miguez Gonzalez
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< Configuration of different AMBR(Aggregate Maximum Bit Rate) per slice
* Architecture of the Network for the test
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Source: VIRTUALIZED CELLULAR NETWOKS WITH NATIVE CLOUD FUNCTIONS, Iria Miguez Gonzalez
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% Selection of UPF and SMF by slice
« iperf Slicing Test Architecture

OPENS5GS 5G CORE

CONTROL PLANE

UERANSIM
NRF
UE1 UE2
— —
; P T —) ==
HSS L : Subscriber | | . UDM 1S] AUSF
i Database i
& © a * *
' ogstun, APN= internet {
o - e . ogstun, APN= movistar.es
UES A UE4
a—m (—)
i . ‘
MME S sawe i il AMF — —
o H | ogstun, APN= intemet ogstun, APN= movistar.es J
L e
*: HH
u B N11
u SMF2 5
. 5 o
. 2
u s afe - §
S
USER PLANE &
s19
By
SGW-u I UPFI —
O AP
N S5 ammmemmasssanec
— UPR2 -
Bernrrras

Source: VIRTUALIZED CELLULAR NETWOKS WITH NATIVE CLOUD FUNCTIONS, Iria Miguez Gonzalez
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% Reference archltecture of 5G network (AWS)
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Source: 5G Network Evolution with AWS, July 2020
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*+ Private 4G/5G on AWS, Deloitte Private Networks Lab Houston.
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AWS Region
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s Packet Transfer Steps in an Overlay Network

[/ VXLAN (Virtual Extensible LAN) A& A| 1124

¢« Maximum Ethernet Frame Size
*  Multicast
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% 5G-CLARITY proposed architecture

* UC1 framework, components and service slices overview
* 5G-CLARITY CPE preliminary design
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Source: 5G-CLARITY [H2020-871428], Mir Ghoraishi(GIGASYS)
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< Production line testbed and its integration to 5G-CLARITY system architecture
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Source: 5G-CLARITY [H2020-871428], Mir Ghoraishi(GIGASYS)
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< Full Stack for running 5G core (0f: Diamanti)
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Source: https://diamanti.com/tutorial-5g-core-on-diamanti/
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<+ Deploying 5G core network on Kubernetes: 2 E =

1. None

2. External Access for NodePort
3. External Access for LoadBalancer
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<+ High level of Orion testbed architecture
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Wireless Communications and Mobile Computing, Volume 2021, Article ID 6655216, 26 pages, https://doi.org/10.1155/2021/6655216
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% 5G-CLARITY proposed architecture
* 5G-CLARITY system architecture
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Source: 5G-CLARITY [H2020-871428], Mir Ghoraishi(GIGASYS)
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DAY 2: BACKUP

< FMC(Fixed Mobile Convergence)
* 5GCNS S FMCE HM A HER I ALiZ|2

: SR B (7)) IS
""""""""" SG-RG | i e A T T T T TS Ne T T T T T } FVA 5G —%\
Pty N3 &l
FWA gNB o
P Hybrid Access —
. “ - _ o DN
................... 5G-RG [ W == —
Hybrid Access N3
AGF
- N1 N1
------------------- 5G-RG — (Access I N2 _} Wired only —
Gateway N3
oM
= Function) o _Nlm
. Wireline o __N1__ . N2
................... FN-RG Access —_— e s . Wired only _ DN
oM (8 %) N3
o upF
- FMIF
.................. FN-RG BNG (Fixed- }ered legacy SE—
i mobile
4 (Broadband |nteirr1v;ork
Network v
Gty function)
................... FN-RG
& 4 -
4 Nl

A Tutorial on Trusted and Untrusted non-3GPP Accesses in 5G Systems, Mario T. Lemes ID , Cristiano B. Both ID, Antonio Oliveira Jr. ID , and Kleber V. Cardoso ID
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