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Who | am - Jack Burbank

MILCOM ComSoc:

* MS-EE from North Carolina State University 'm_ e ———

* Senior Wireless Network Engineer at Sabre Systems

Sab rc
SABRE SYSTENS, INC
bspenbomce » Lhus ity = Kowe it

* Supports US Army CCDC C5ISR Center, Engineering & Systems Integration Directorate, Tactical Communications Division

* Taught courses on Wireless Networking and Principles of Network Engineering in the Johns Hopkins Engineering for Professionals

Program for 13 years

e 25 vyears of experience in wireless systems research and development

* Published over 50 articles in technical journals and two books related to wireless technology

* Editor of Wiley / IEEE Press Standards Series on |IEEE Standards

* |nterested in writing a book? Come see me!

e Senior Member IEEE

< IEEE

WIRELESS
NETWORKING

An Introduction to
Network Modeling
and Simulation for
the Practicing
Engineer
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Tutorial Logistics MILCOM ComSoc &
 Schedule

e Tutorial time is 1 hour and 40 minutes

e 10:20—-12:00

* Continuing Education Credit



Goals of this Tutorial VILCOM ComSoc

. To provide an overview of the 5G landscape

. To describe the major technologies that comprise the 5G architecture
. To provide familiarity with the 5G network architecture

. To understand some of the key technologies powering 5G networks

. What this tutorial is not going to do
e Attempt to cover every single bit and byte of protocols and formats
e Focus more on concepts
 Bits and bytes can be found in specifications
* Fundamental concepts and ideas are more important
* Besides, it would not be practical to attempt in a 1.5-hour session
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Tutorial Overview VILCOHOM

e The Current 5G Landscape

* Spectrum

e 5G Network Architecture

* 5G Cellular Technology Overview

* Next-Generation WLANS

e Tools and Resources

e Conclusions
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The Overwhelming 5G Landscape VILCOM
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The Technology Path: Idea to Reality

Industry Embraces
Technology

" Industry Works Hard
to Make Devices

Smaller and
\_ Cheaper W,

Consumers Receive

VILCOM Co

IEEE
mSoc

l

.

Academic
Community Studies

Subject )

-

Academic
Community
Discovers “Next Big

Thing” W,

New Technology
\. ),

|

Academia Lobbies
Industry

/>\
|- d




|EEE
mSoc

MILCOM C

The Technology Path: Idea to Reality

(1]

S b - Establishment of
s Technical Vision
il - )
Sngﬁgzg ::\d L Discov_er:ls;ig’ext Big J - y N % //,--*'
[ | [ —— Industry Players Dgy%ﬁ%ﬂﬁi'— CCCCCCCCC Industry Players
e | e Develops IP  ~iRRQERRIY W Develop Spectrum
| = 2 e
Positions ) Positions
l \_ /
2 N
| Technology Standards
Development Q
) l
Proprietary e Vv d ™
Solutions endors
S Implement / >

Improve Hardware
\_ and Software W,

J

e ™\ 'z

Service Providers

Deploy Technology
o /

Consumer Approval

or Disapproval




—~|EEE / /L/; ;\ N
ComSoc Ec::

5G Infrastructure VILCOM

* |nfrastructure eco-system robust and mature

 Several product offerings current and emerging
across RAN and Core by all major infrastructure
vendors

* Many, many companies, but some of biggest

players are:
* Ericsson
 Nokia

* Huawel

e /TE

* Samsung
e NEC

e (isco



5G Chipsets and Handsets MILCOM ComSoc (i

* Consumer device eco-system has matured substantially
over past 2-3 years

* A number of existing and emerging 5G chipset vendors A

e Qualcomm
* Samsung
° Huawel

e MediaTek
e Many others...

* Increasing number of 5G handsets (over 50% of handsets
sold in 2023 estimated to be 5G)

* Samsung

e Apple

e LG

* Motorola
* Huawel

e /TE

e Many others...



Current and Near-Term 5G

Deployments
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* |nteractive 5G deployment map maintained by Ookla
* https://www.speedtest.net/ookla-5g-map
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5G News & Updates

Ookla 5G Map
@0okla5GMap

150+ new 5G updates have been added to the
map. The majority of these are from Play and
Plus in Poland. Take a look at the map for all
the detalils:

‘ Ookla 5G Map

@0okla5GMap

The 5G map has around 100 new updates this
week. The majority of these are by Play in
Poland, Telemach in Slovenia, and Eir in

Ireland. Check out the full map to see if 5G is
available in your city:

Ookla 5G Map
@0okla5GMap

The 5G map has 60+ new updates. The bulk
of these are by DNA in Finland, T-Mobile in
Poland, and EE in the U.K. View the latest
additions:

© OpenStreetMap 7 Improve this map



The Recent Explosion of 5G

Deployments

The Worldwide

Growth of 5G
in 2020

As the global leader in internet testing and natwork
intelligence, Ookla® is uniquely positionad to provide

an overview of internet performance around the world.

® Download

@ 207.39 Mbps
S5G Is

954"

Faster
® 19.67 Mbps

@ 29.66 Mbps

@ 7.21 Mbps

o Ta e -
X

2020 saw a massive growth in 5G as operators across
the globe rolled out new service and expanded on
existing deploymeéents. Speedtest Iintelligence* data
from over 0.5 million Speedtest® results during

Q3 2020 shows how much speeds have improved,
where download speeds are the fastest at the country
level, where 56 deployments have incr d and what

worldwide 5G coverage looks [ke now.

The analyses reprasent countries with more than
200 samples during Q3 2020 and the rankings
include countries with commercially available 5G
during Q3 2020. The bars shown in our charts are
95% confidence intervals, which represent the range
of valuas in which the true value is likely to be,

For ongoing analysis of 5G as well as network
performances, visit cokla.com/insights

OOKLA
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Fastest Countrles for Top 10% 5G Download Speed

Speedtest Intelligence® | Q3 2020
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Growth in Number of 5G Deployments’
Cell Analytics™ | Q3 2020
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The Expected Explosion of 5G VIILCOM

Subscribers

Unit: Million
5G| LTE | WCDMA/HSPA | GSM/EDGE | TD-SCDMA | CDMA | Other technologies

Smartphones | Feature phones | Mobile PCs/Tablets/ Routers
Year: 2014 - 2025

8000

Source: Ericsson (November 2019)
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5G in the US - AT&T

°
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4G LTE =)
Other AT&T coverage =

Off-net coverage

i

https://www.cellularmaps.com/




5G in the US - T-Mobile

4G LTE
5G EXTENDED RANGE
B 5G ULTRA CAPACITY

Cxdended Range 50 includes dedhcated ‘ow-band 50 zigna's & Ultra Capacity 50 includes dedicated mid- and/or high-band 50 signals
T-Mobile’s Ultra Capeacity 50 covers hundreds of ciies and millons of people, with more added all the Lime, soe T-Mobie com/S50ayers
Capabie device required. SOome uses may roguire certa n plan or feature. see T Mobte com

https://www.cellularmaps.com/
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5G in the US - US Cellular MILCOM C
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5G in the US - Verizon

https://www.cellularmaps.com/
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Legend

® 5G Ultra Wideband
Available in parts of these cities

5G Nationwide
Includes 4G LTE coverage
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5G Leaders in Terms of Data Rates

5G Download Speed (Mbps)

South Korea

354.4

UAE 2922

Taiwan 272.2

Saudi Arabia 264.7

Australia 250.5

Kuwait -201.6

197.6

Finland _ 183.3
Switzerland [ 169.0
Thailand _-162.3

0 100 200 300 400

Ireland

5G Peak Download Speed (Mbps)

SaudiArabia © 8626
South Korea | 764.6
Switzerland | e 7230
ure I 705
Taiwan S 454
Spain | 6450

Australia - [N 565.3
Finland [N 5754

0 100 200 300 400 300 400 700 B %00 1000

Data collection period October 1, 2020 - December 29, 2020 | © Opensignal Limited
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5G Upload Speed (Mbps)

Netherlands

32.5

South Korea 26.4

Taiwan 264

Switzerland 26.3

Saudi Arabia 24,0

Germany 223

20.9

I o

20,4

Brazil

UAE

Spain

Thailand - 204




5G Status — You are Here

The 5G Vision was well established with
IMT-2020

The 5G standards are well underway in
development

Infrastructure, handset, and chipset eco-
system Is mature

Service providers have been aggressively
rolling out deployments and trials in high-
density population areas

What hasn’t happened yet is perhaps the
most important step — consumer approval

 But wait, isn’t 5G already here and successful?
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What is 5G?
Ask me in a few years!




ChiSoc @
]
e

The Three Pillars of 5G VILCOM

3GPP Release 16

Enhanced Ultra reliable, Massive
mobile low-latency machine-type
broadband communi- communi-
(eMBB cations cations
(URLLC (MMTC)

Applications and use cases

https://www.edn.com/what-to-expect-in-5g-2-0/



The Three Pillars of 5G

-

This is the 5G we
are beginning to
enjoy today!

A

Enhanced
mobile

7NN

broadband
(eMBB

3GPP Release 16

Ultra reliable,
low-latency
communi-

cations
(URLLC

Applications and use cases

https://www.edn.com/what-to-expect-in-5g-2-0/
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Massive

This is the
upcoming

features of 5G
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machine-type
communi-
cations
(MMTC)
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Pre-Standard Versions of “5G” VILCOM ComSoc (ic:

 5G-TF: Verizon established 5G Task Force (TF) and developed proprietary version of 5G
incompatible with 3GPP 5G “New Radio” or NR standard

 Actually caused acceleration within 3GPP due to concerns that Verizon would move out with
large-scale 5G-TF deployments

. SG SIG Pre standard speC|f|cat|on developed by KT Corporation

v
Establishment of o
l Technical Vision % !’ !, l =S
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Implement /

>

—— ™ by Improve Hardware
PyeongChana 56 SIG Plonary Meetmg - / and Software S
ok e l V’)
Service Providers Consumer Approval -
Deploy Technology or Disapproval

https://m.corp.kt.com/eng/html/biz/services/sig.html




5G Standardization and Deployment [VII[LC6&M ComSoc

Realistic Timing for
introduction of commercial
massive machine
communication use case

Realistic Timing for
introduction of commerci
5G 3.5Ghz, 28Ghz,
600Mhz

5G standards roadmap

5GTF / KT SIG 3GPP 5G Phase 1- 2( 3GPP 5G Phase 2 -R | Optimized standard A

Industry specs Rel 15 16 completing full
Mobile Broadband, Massive loT @ 5G vision

Low latency & high reliability @ FMC

5G industry Pre-standards First standard based Standards-based

roadmap 5G start 5G deployments 5G mass rollout
Y g S 7
== o . - =
US 28, 39 GHz Korea Korea US 6 GHz Global
28 GHz 3.5 GHz 700MHz 600MH availability

24GHz  2.5GHz > 24 GHz
5G spectrum usage

A. Ghosh, Nokia Networks, “5G NR: Physical Layer Overview and Performance,” IEEE Communications Theory Workshop, May 2018.
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5G Standardization and Deployment [VIILC®M

2020 2021 2022

Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar.
TSG#83 1SG#84 1SG#85 TSG#86 1SG#87 1SG#88 1SG#89 TSG#90 TSG#9 1SG#92 TSG#93 ISG#94  TSG#95

TR Release 16

) Rel-14 RAN4

Rel-16 Stage 2

A=t b Yofinitior
I . 114 "

" Rel-17 stage Release 17
| : | ‘ '

ASN.1 RAN4

Rel-17 Stage 2

) Rel-17 Stage 3

Rel-18
Content
Definition
(T8C)

Release 18

Source: 3GPP 1SG SA#87e, 17-20 March 2020, e-meeting document SP-200222 ® 3GPP 2020




Section1:
Spectrum

New Spectrum Opportunities

New Spectrum Access Models

Com$S @
omMmL0cC
IEEE Communications Society SN\~

VIILCGM




—~|EEE / ,{:/; : N
ComSoc

5G Spectrum VIILCHHM

* New 5G Spectrum Opportunities
e Low band: less than 1 GHz
e 600 MHz band
e Mid-Band: 1-6 GHz
 High-Band: Above 6-GHz
 mmWave

* C(Citizens Band Radio System (CBRS)

e Multefire



5G Spectrum

[ >
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mmWave extremely attractive to 5G community for several reasons

Enormous amount of available spectrum has and is being made available

Service providers aggressively retiring 3G/4G spectrum for 5G launches

Short-range nature of technology synergistic with emerging small-cell networking concepts
* Enables extremely dense networks due to spatial reuse

Lowering price points

Increasing technical maturity
(€ proposed

< —

6 GHz 29 (SHz 100 GHZ

5@G sub-6GHz 5G mmWave

https://www.qualcomm.com/news/onqg/2016/07/12/upcoming-fcc-vote-will-pave-path-5g-advancements-mobilize-mmwave

IEEE N
VIILCOM ComSoc G




5G Spectrum - mmW MILCOM ComSoc G

* Several bands have been considered by 3GPP for 5G
e 57-64 GHz
» 28/38 GHz band (7 GHz total)

° 71/81/92 GHz (12-9 GHz tOtaI) Bands Above 24 GHz for Possible Mobile Use

& F S &

27,500 - 31,000 MHz Bands 37,000 - 42, 500 MHz Bands

B [ e

- Bands Proposed for Mobile Use

-Othcr Bands Raised in NOI

Source: National Instruments
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* |ITU has proposed several viable frequencies between 24 and 86 GHz
e 24.25 - 27.5 GHz
e 31.8—-33.4 GHz
e 37/—-40.5 GHz
e 40.5-42.5GHz
e 45.,5-50.2 GHz
* 50.4-52.6 GHz
* 66 —76 GHz
* 81 — 86 GHz




5G Spectrum: Auctions, Reallocations, VI COM

. ComSoc
and Repurposing

* Previous mmWave auctions have made
massive amounts of spectrum available to
carriers

e 24 GHz
e 28 GHz
e 37 GHz
* 39 GHz
e 47 GHz

* Reallocation and auctioning of sub-6 GHz
spectrum

* 600 MHz

* Repurposing of existing cellular spectrum

R )l R el
FCEA
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Worldwide 5G Spectrum View

600MHz (2x35MHz)

700MHz (2x30 MHz)

@® < (p

I
s 700MHz (2x30 MHz)
0> oam——

700MHz (2x30 MHz)

700MHz (2x30 MHz)

700MHz (2x30 MHz)

700MHz
aE—
‘e’ 700/800MHz
. O

<1GHz

900MHz 2.5/2.6GHz
600MHz (2x35MHz) (2x3MHz) (B41/n41)

3GHz 4GHz 5GHz 6GHz

3.1-3.45GHz
3.45-3.55GHz  3.7- 4.94-
3.55-3.7GHz 3.98GHz 4.99GHz 5.9-71GHz

3.475-3.65 GHz 3.65-4.0GHz

3.4-3.8GHz 5.9-6.4GHz

3.4-3.8GHz

34-38GHz

3.46-3.8GHz

W
?
w
00
G)
C
N

2.5/2.6GHz (B41/n41) 33-3.6GHz

4.8-5GHz

34- 342- 37-
29239CGR2 3 42GHz 37GHz 4.0GHz

5.9-71GHz

3.6-4.1GHz 4.5-49GHz

3.3-3.6GHz

3.4-3.7GHz

VILCHHM

24.25-24 45GHz
24.75-25.25GHz
27.5-28.35GHz

26.5-27.5GHz
27.5-28.35GHz

24.5-27.5GHz

26GHz

26GHz

26GHz

26.5-27.5GHz

24.75-27.5GHz
25.7- 26.5- 28.9-
26.5GHz 28.9GHz 29.5GHz

26.6-27GHz 27-29.5GHz

24.25-27.5GHz
27.5-29.5GHz

24.25-29.5GHz

Global snapshot of allocated/targeted 5G spectrum

5G is being designed for diverse spectrum types/bands

37-50GHz 64-71GHz

37-37.6GHz

37.6-40GHz

47.2-48 2GHz 57-64GHz 64-71GHz >95GHz

3/-37.6GhHz

37.6-40GHz 57-64GHz 64-71GHz
57-66GHz
57-66GHz
57-66GHz
57-66GHz
57-66GHz

40.5-43.5GHz
G
37GHz 57-66GHz

39-43.5GHz 57-66GHz

37-43.5GHz

39GHz 57-66GHz

New 5G band

Licensed
=== | Jnlicensed/shared

== EXisting band

Qualcomm, 2020
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CBRS VILCHHM
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* The Citizens Broadband Radio Service (CBRS) is an initiative to develop a viable shared spectrum
model in the 3.5 GHz band in the United States

* Championed by the CBRS Alliance ALLIANCE
e Goal: Allow LTE networks to co-exist in 3.5 GHz band with incum/!oi'.*r s NG gsbl S

* US Navy, satellite service providers, utilities

* Development of specifications for operations in this shared band

* Spectrum Access System (SAS) and Environmental Sensing Capability to avoid potential
interference between users

* More information can be found at: https://www.cbrsalliance.org
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CBRS Network VILCOHOM
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<> (Dﬁ[] P spectrum Access System
© D (SAS)

o CBRS eNodeB
CBRS UE
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CBRS: Tiered Access Approach VILCOHM
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Incumbent Access:
Protected from all other tiers.

Priority Access License (PAL):

l;riority Paid census-tract (localized) licenses.
cCcess

License

General Authorized Access (GAA):
Opportunistic spectrum usage.
Authorized Unprotected from higher tiers.

Access

General

https://www.airspan.com/cbrs/



CBRS: Tiered Access Approach VILCOHM

Opens up 150 MHz spectrum in a tiered model

3550 3600 3650 3700
S Y S W ———
Tier 1 DoD, Navy

Incumbents FSS Rx-Only
GWPZ

Tier 3
General Authorized Access

https://broadbandlibrary.com/cbrs-a-spectrum-policy-experiment-cable-is-best-positioned-to-benefit/ghai-chart-800/

—~IEEE AR
® AFCEA
ComSoc &

Incumbents are protected from
interference from PAL and GAA

PAL is protected from GAA, and is
auctioned in 10 MHz blocks up to 7
licenses

GAA can use any spectrum not used
and yields to PAL and Incumbents
when detected



MulteFire

Multefire aims to enable cellular operation in unlicensed or shared spectrum

Championed by the MulteFire Alliance

Goal: Allow LTE and 5G networks to co-exist across multiple bands worldwide

e Shared with incumbent users

* Unlicensed spectrum

Development of specifications for operations in shared and unlicensed bands

More information can be found at: https://www.multefire.org

Traditional LTE &
5G ecosystem

Select regions
(e.g. US)

Worldwide

deployments

Requires licensed
spectrum anchor

LTE-U

3GPP Rel. 12 3GPP Rel. 13/14 3GPP Rel. 13 and beyond {

Broadens the LTE & 5G
cellular ecosystem

Operates in unlicensed
and shared spectrum

LAA/eLAA

MulteFire 1

MulteFire Allianc

eMTC/NB-loT

.0 MulteFire 1.1

e drives standardization

5G New Radio (NR) Based LAA

3GPP Rel. 15 study item

Standalone 5G NR in
unlicensed bands
3GPP Rel. 15 study item

New deployment
opportunities

Expanded loT supportin
unlicensed spectrum;
Adds 1.9 GHz (5 MHz), 2.4 GHz
with eMTC-U, 800/900 MHz with
NB-loT-U and 5 GHz optimizations

5G NR Solution

MulteFire Alliance drives commercializatio

N2\

New, wider bands—e.g. mmWave

>

IEEE

MILCOM ComSoc
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T
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MULTEFIRE



MulteFire (continued) VILCOGM C
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3.5 GHz (USA) S GHz (Global)
MULTEFIRE
Shared with incumbents Unlicensed
I"""I spectrum
(— °°°)
Viobile operators in select
Iraditional LTE regions (e.g. US) Viobile operators worldwide

ecosysitem

TE-U LAA elLAA

3GPP Rel. 13 3GPP Rel. 14 and beyond

MulteFire

Broadens the LTE Standardized by MulteFire Alliance
ecosystem
Operates in unlicensed
New deployment opportunities

and shared spectrum




Section 2:
The 5G Architecture
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International Mobile VIICOM
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 The International Mobile Telecommunications (IMT) series of
documents published by the International Telecommunications
Union (ITU)

e Establishes market and traffic forecasts for future timeframes

 Key step in the development of new technologies

 Establishes / influences performance goals for future standardization
efforts

* Roadmap established by the ITU Radiocommunication Sector
(ITU-R) for future networks, devices, and services

 Defines overall performance goals
* Mobility support, data rates, latencies, user densities




IMT Vision - Where the G's Come VILCOM

IEEE
ComSoc [
From

4G
IMT-Advanced

3G
IMT-2000

ITU-R M-1457.14 ITU-R M.2012-3

UMTS

Radiocommunication Sector of ITU

CDMA2000 EV-DO 1ITL ITU-R

Recommendation ITU-R M.2012-3
01/2018)

Detailed specifications of the terrestrial Detailed specifications of the terrestrial
radio interfaces of International radio interfaces of International Mobile

Mobile Telecommunications-2000 Telecommunications-Advanced
(IMT-2000) (IMT-Advanced)




IMT 2020

VILCHHM

* Defines the framework and overall objectives for 2020 and beyond

ITU-R

Recommendation ITU-R M.2083-0
((((((((

IMT Vision — Framework and overall
objectives of the future development of
IMT for 2020 and beyond

M Series

Mobile, radiodetermination, amateur
and related satellite services

Report ITU-R M.2370-0
000000000

IMT traffic estimates
for the years 2020 to 2030

M Series

Mobile, radiodetermination, amateur

and related satellite services

I"I"»*Lil

Report ITU-R M.2376-0
000000000

Technical feasibility of IMT
in bands above 6 GHz

M Series

Mobile, radiodetermination, amateur
anld related satellite services

-

| \*I:;l
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ComSoc

Document Number Year Document Title
Published

ITU-R M-2083-0

ITU-R M.2376-0

ITU-R M-2370-0

2015

2016

2015

Technical Feasability of IMT in Bands above 6 GHz

IMT Traffic Estimates for the Years 2020 to 2030

IMT-Vision — Framework and Overall Objectives of the Future Development of IMT for 2020 and
Beyond




IMT-2020 Usage Scenarios MILCOM ComSoc

Enhanced Mobile Broadband

Gigabytes in a second
—— 3D video, UHD screens

Smart Home/Building

Work and play in the cloud

—— Augmented reality

—— Industry automation

Voice

Self Driving Car

Smart City Mission critical
application
e.g. e-health
Massive Machine Type Ultra-reliable and Low Latency
Communications Communications

ITU-R M-2083-0, “IMT-Vision - Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond*




IMT 2020-2030

Accelerated

Deployment

of new IMT
technologies

FBB
Replacement
by MBB

Subscriber
behaviour

Traffic
asymmetry

VILCHHM

Growth of Enhanced

I\!l2N! Screen
applications Resolution

Drivers for
Traffic Increase

beyond 2020

Shifti
Evolution in ming
usage/ traffic

UL Urbanisation
characteristics

trends

ITU-R M-2370-0, “IMT Traffic Estimates for the Years 2020 to 2030 “

demography:
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Cloud
Computing

Growth in
Audio/visual
and media
streaming and
unicast media
consumption

Proliferation
of ambient
screens

Deployment
timescale




IMT 2020-2030

Billion

20

15

10

Estimation of global mobile subscriptions with different categories

2020 2021 2022 2023 2024

¥ smartphone

ITU-R M-2370-0,

VILCHHM
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Estimation of global M2ZM subscriptions

Soc

“IMT Traffic Estimates for the Years 2020 to 2030 “
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B Tablet and other smart devices Y Feature phone = p2ZM Subscriptions
No of subscriptions
20.0
—20.0 (“very high™)
17.5
15.0 ~15.0 (“high”)
12.5
- 10.0
= —10.0 (“flat”)
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5.0
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Year 2020 2025
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IMT 2020-2030 VILCEOM

Estimations of global mebile traffic from 2020 to 2030 (M2IM traffic not included) Estimations of global mobile traffic in 2020-2030 (M2M traffic included)

traffic/month traffic/month
5000 . E000
4500 — 5016
4000 5000
o | 4000
= 3000 e 3327
2500 3000 z
2000 . 2300 1439
1000 * ‘ oy 9%
500 57 -. ' e 99 1sa 248 3 - .
2020 2021 202z 2023 2024 2025 2026 2027 202E 2023 2030 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Estimation of mobile traffic by different service types gloabally

traffic/month

e000
S0O00
3000
2000
1000

O

EB

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 20320
B Non-Video ™ Video " M2M

ITU-R M-2370-0, “IMT Traffic Estimates for the Years 2020 to 2030 “



IMT 2020 Timeline MILCOM ComSoc

FIGURE 1
Dverview af timeline for IMT development and deployment

UIIH

L98S 2040 2005 20002 2018
S0 Adopted 1871 2000 Vision IMT-Advanced [MT-2020 IR 20020
FPLMTS Rec_ ITU:-R Rec. ITU-R Rec ITU-R Vision
M L4457 BMoI6aES M22OL2
(it release) (isirelease)

(*) Deploymen! HmMing STy VAary across Counmtres. -
ML N

ITU-R M-2083-0, “IMT-Vision - Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond*
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IMT 2020 Timeline VILCOHOM

Phase and expected timelines for IMT-2020

-

Systems
New elements deployment *

to offer
capabilities of
IMT-2020

.

rﬁ_ther radio l
systems
- IMT-2000

— Systems deployment >
IMT-advance
- enhancement
Specitrumb T ko ] A A Spectrum imple mﬂif )
I I | | | |

| I
2000 ~ 2014 2015 2016 2017 2018 2019 2020 ~

The sloped dotted lines in systems deployment indicate that the exact starting point cannot yet befixed.

Evolution/Integration with other radio systems

A : Possible spectrum identification at WRC-15 and WRC-19

* : Systems to satisfy the technical performance requirements of IMT-2020 could be developed beferyear 2020 in some countries.
: Possible deployment around the year 2020 in some countries (including trial systems)

ITU-R M-2083-0, “IMT-Vision - Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond*




IMT 2020 Performance

Much higher Network Capacity

e 10 Mbps per meter
» 20 Gbps peak data rate (D/L)
100 Mbps per user data rate (D/L)

Improved Latency
e Lessthan 1l ms

Much Higher User Density
1 millions devices per square km

Improved Network Efficiency
 100x network efficiency
 3xspectrum efficiency

VILC®OM ComSoc: (i

FIGLURE 3

Enhamcement of key capabilities from IMT-Advanced to IMT-Z020

Area tralhc
CApasl 1y

(Mbav'ss Ert }

MNetwork

emergy cfhaency

Llser experrenosd

Peoak data rale d=ra rate
{Gibit/s) (MbiL/s)

Mobaliey
(kmuvh)

Conmection demsity Latency
{(devices'km ) {rns)

ITU-R M-2083-0, “IMT-Vision - Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond”
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IMT 2020 Performance

VILCOM ComSoc &

Metric
Peak Data Rate

Peak Spectral Efficiency
User Expenenced Data Rate

Area Traffic Capacity

User Plane Latency

Control Plane Latency
Connection Density
Rehability

Bandwidth

Requirement

DL: 20 Gb/s
UL: 10 Gb/s

DL: 30 b/s/Hz (assuming 8 streams)
UL: 15 b/s/Hz (assuming 4 streams)

DL: 100 Mb/s
UL: 50 Mb/s

Indoor hotspot DL: 10 Mb/s/m?

eMBB: 4 ms
URLLC: 1 ms

20 ms (encouraged to consider 10 ms)
1M devices per km?
99.99999% success prob.

>100 MHz; up to 1 GHz in > 6 GHz

Comments

Single eMEBB mobile in ideal scenarnos
assuming all resources utilized

Single eMBEBE mobile in ideal scenarios
assuming all resources utilized

5% CDF of the eMBB user throughput

eMBB

Single user for small IP packets, for both DL

and UL (eMBB and URLLC)

Transition from lIdle to Active (eMBB and
URLLC)

For mMTC
32 L2 bytes within 1T ms at cell edge

Camer aggregation allowed

https://spectrum.ieee.org/telecom/wireless/3gpp-release-15-overview




IMT 2020 Performance VILCOM

FIGLUEE 4

The importance of key capabilities in different usage scenarios

Peak soh IMPOrTan,. . W Ser expenenond
L ——=_ data rale

Enhanced mobile datls rale

broadband -

/ Spocirum
Acrea trafhc cfhaciency
capacily | )
!
Metwork MMobality

energy efhiciency

" : - Ultra-reliable
AIESSING IACiine and low latency

Dype CoOmmunicanons COrmrmunications

Connaechion densily Latency

ITU-R M-2083-0, “IMT-Vision - Framework and Overall Objectives of the Future Development of IMT for 2020 and Beyond” N T 1
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Section 3:
5g Cellular Technology Overview
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3GPP Overview MILCOM ComSoc Gt

e The Third Generation Partnership Program (3GPP) is the effective cellular standard development organization (SDO)
that defines cellular technology standards

 Transforms visions put forth by ITU IMT into technology standards that can be implemented by industry

e  3GPP units seven telecommunications standard development organizations
. ARIB, ATIS, CCSA, ETSI, TSDSI, TTA, TTC all Organizational Partners

e Three Technical Specification Groups (TSG)

. Radio Access Networks (RAN)
. Services and Systems Aspects (SA)

S —
S~S——

—

™

. A GLOBAL INITIATIVE
. Core Network and Terminals (CT)

 Technical work is done within Working Groups (WG)
* WAGsreside within TSGs and meet regularly to present, discuss, and approve technical work



3GPP Organization

o

—

A GCGLOBAL INITIATIVE

Project Coordination Group (PCG

VILCHHM

|

TSG RAN
Radio Access Network

RAN WG1
Radio Layer 1 spec

TSG CT

Core Network & Terminals

RAN WG2
Radio Layer 2 spec
Radio Layer 3 RR spec

CT WG1
MM /CC/SM (lu)
(end-to-end aspects)

TSG SA
Service & Systems Aspects

SA WG1
Services

RAN WG3
lub spec, lur spec, lu spec
UTRAN O&M requirements
(Radio CN Interfaces)

CT WG3
Interworking with external
networks

SA WG2
Architecture

CT WG4
MAP/GTP/BCH/SS
(protocols within the CN)

SA WGS3
Security

RAN WG4
Radio Performance
Protocol aspects

CT WGG6
Smart Card Application Aspects

SA WG4
Speech, audio, video, and
multimedia Codecs

RAN WG5S
Mobile Terminal
Conformance Testing

RAN WGG6
GSM EDGE
Radio Access Network

https://www.3gpp.org/about-3gpp/about-3gpp

SA WG5S
Telecom Management

SA WG6
Mission-Critical Applications

—~lEEE
ComSoc




3GPP 5G Work Plan VILCOM ComSoc (ic

N~ W

LTE-M

Long battery life
Low device cost
Extended coverage: >155.7 dB maximum
coupling loss (MCL)

Variable rates: ~10 kbps to 1 Mbps
Deployment: In any LTE spectrum
Coexists with other LTE services within
the same bandwidth

Supports FDD, TDD and half duplex (HD)
modes

Reuses existing LTE base stations
Upgraded in Rel-14: Support for positioning,
Multicast, Mobility for inter-frequency
measurements, Higher data rates,
Support for VoLTE

NR lloT

Four use cases have been identified as drivers for
NR evolution for the Industrial Internet of Things (lloT) :

® Augmented reality and Virtual reality A/;

® Factory automation

@ Transportation
@ Electrical Power Distribution

5G Cellular loT

® See our new Study on Cellular Internet of Things (CloT)
support and evolution for the 5G System (TR23.724) for:
Support for infrequent small data transmission, Frequent small
data communication, High latency communication, Power
saving functions, Management of Enhanced Coverage, Overload
Control for small data, Support of the Reliable Data Service,
Support of common north-bound APIs for EPC-5GC interworking,
Network parameter configuration API via NEF, Monitoring,
Inter-RAT mobility support to/from NB-loT, Support for Expected
UE Behaviour, QoS Support for NB-loT, Core Network selection
and steering for Cellular 1oT, Group Message Delivery using
unicast NIDD, MSISDN-less MO SMS, Interworking with EPS for
the Cellular loT functionalities listed above...

b

In Rel-16 the RAN study 'NR Industrial Internet of
Things' (TR38.825) describes the NR enhancements
for:

[
@ Data duplication & multi-connectivity, I o I d rl v e n
@ Intra-UE prioritization/multiplexing and
» Time Sensitive Networking support (TSN) g ro wt h

by

EC-GSM-loT

Long battery life
Low device cost compared to GPRS/GSM
devices
Extended coverage:

- 164 dB MCL for 33 dBm UE,

- 154 dB MCL for 23 dBm UE
Variable rates:

- GMSK: ~350bps to 70kbps

- 8PSK: up to 240 kbps
Massive number of devices: ~50.000 per cell
Improved security compared to GSM/EDGE

NB-loT

Even lower cost than LTE-M

Extended coverage: 164 dB maximum coupling

loss (at least for standalone)

Long battery life

Support for massive number of devices: ~50.000 per cell

Main simplification: Reduced data rate/bandwidth, mobility

support and further protocol optimizations

3 modes of operation: Stand-alone carrier, LTE carrier

Guard band, In-band

Upgraded in Rel-14: Agreement on NB-1OT

positioning, Support for Multicast, Power consumption

and latency reduction, Mobility and service continuity

enhancements (without the increasing of

UE power consumption), New
Power Class(es)

® See future C-loT updates to:
TS 23.501 - System architecture for the 5G System (5GS)
TS 23.502 - Procedures for the 5G System (5GS)

Data
Growth

Release 17 Content Approval’

a m TSG SA Work Areas under discussion TSG RAN Work Areas under discussion
Release 15 Release 16 at SA#85 (September 2019): For final decision at RAN#86 T SEmEmERn Self-driving Cars
e 5G System Enhancement for Advanced Interactive (December 2019):
@® NR ® The 5G System — Phase 2 Services (5 AlS) )
® The 5G System — Phase 1 ® V2x Phase 3: Platooning. - g:elrlulor 'OLenhGnceTfemPfor the.fcé SysLe? (S.G*N.\GOT) = NR Light
extended sensors, automated L ystem enhancement for Proximity base ervices in e Small data transfer opﬁmizqfion .
® Massive MTC and Internet of Things xre oY 5GS (5C Prose) ) . Industry Automation
driving, remote driving . e Sidelink enhancements
(loT) * Enhancement of support for 5G LAN-type service NR above 52.6 GHz (inlc 60GH
A ) ® Industrial loT (5GLAN_enh) b ) v - z U =
® Vehicle-to-Everything . - Integration of Satellite in 5G Systemns (5CSAT ARCH) unlicensed)
Communications (V2x) Phase 2 b :J:I"O'Rel'9bl?_ an?ULRoLr’CL)Otency » Architectural enhancements for 5G multicast-broadcast e Multi SIM operation
ommunication : = T
® Mission Critical (MC) enhancements services (5/MMES) ) e« NR multicast broadcast E= Smart Cities
interworking with legacy systems « Study on enhancement of support for 5G Wireless and
® NR-based access o Wireline Convergence (5WWC enh) e Coverage enhancements
o ‘,_cls:_.AN and unlicensed spectrum unlicensed spectrum - ,(A\ApslicL:ToEﬁ’ch;)chreness Interworking between LTE and NR e NB-loT and eMTC enhancements
. . ® 5G Efficiency: Interference - Extended Access Traffic Steering, Switch and Splitting ¢ Industrial IoT & URLLC enhancements Smart Homes
® 'S‘llect\l':',lgr;sloglca| end-2-end Mitigation, SON, e MIMO, support in the 5G system architecture (=AT555) e MIMO enhancements

* 5G Enhancement for unmanned aerial vehicles - UAVs (EA V)

Location and positioning, Power e NR for Non Terrestrial Networks

S0 ¥AERK

— N i , | N ivity, * Enhanced IMS to 5GC Integration (eIMS5C
® APl Exposure Consumption, eDual Connectivity S n ( ) e Integrated Access and Backhaul
3rd party access to 5G services Device capabilities exchange, « Enhancement to the 5GC LoCation Services-Phase 2 enhancements
Mobility enhancements (eLCS_ph2) .
® Service Based Architecture (SBA) « Enablers for Network Automation for 5G - phase 2 (ehA Ph2) e Generic enhancements to NR-U Work & Play in the Cloud
® Furth LTE | $ ® Enhancements for Common « Enhancement of support for Edge Computing in 5GC (enh £C) e Power savina enhancements
v er Improvements APl Framework for 3GPP * Enhanced support of Non-Public Networks (= MNPN) g
® Mobile Communication System Northbound APIs (eCAPIF) © Enhancement of Network Slicing Phase 2 (<15 7h72) e RAN data collection enhancements
for Railways (FRMCS) FRMCS Phase 2 * Enhancement of 5G UE Policy (cUEPO) e Positioning enhancements .
« Architecture enhancements for 3GPP support of advanced Vv2X Augmented Reality
services - Phase 2 (eV2XARC Ph2)
» Supporting Flexible Local Area Data Network (FLADMN) * Mainstream Rel-17 specification work will
» Supporting Unmanned Aerial Systems Connectivity, Identification start at the beginning of 2020, with the
and Tracking (ID-UAS) functional freeze of physical layer aspects
h led for th t f20217.
* Enhanced support of Industrial loT - TSC/URLLC enhancements (lloT) scheduled for the second quarier of 20 3D video, UHD screens
« Support for Minimization of service Interruption (rAINT) The ASN.1 freeze should follow in ’
= Multimedia Priority Service Phase 2 (MPS2) September 2021.
* Support for Multi-USIM Devices (MUSINM) There are a large number of work areas to
« System architecture for next generation real time communication bgldiictisssd- Reéllisfigolly, vt\;e V;’i/l ?fnh/y be
- able 1o Take on oard a sup-setl o em
services (NG_RTC) ) it Re o . @ ci b a
« Service-based support for SMS in 5GC (5B ShS) igabytes per secon
« Smarter User Plane (SUFP)
* UPF enhancement for control and Service Based Architecture (LUFPC AS)
L J

/ ifi i 5
Releose]7¥US°ge of User Identifiers in the 5G System (UUI15) /

2019 2020 2021 2022 2023 2024 2025
WWW. 39 PO .0Org/specifications/work-plan @©) 3GPP - September, 2019

VA 7
Release 15 Release 16




High-Level History of Cellular MILCOM
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ﬂ 1. Increasing Data Support
2. Improved “Internet Experience”




3GPP Release Timelines

2019

4

VILCHHM

—~|EEE =
omSoc: G

TODAY '
Red-16
| shifted by 3 months
Red-17
\ Package Appeoval
H ““_ : ‘. Mc d'op -
A CLOBAL IMITIATIVYS shified by 3 months
\ J
L e
RANgE RANS79 RANS80 RAN#£81 RAN#82 RANSS3 RANsE4 RAN#SS8S RANE286 RAN#®87 RANSSS RANSSS RANESO
2020 2021 2022
Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar.
TSG#83  TSG#84  T1SG#85 TSG#86  TSG#87  TSG#88 TSG#89 TSGH#90  TSG#91  TSG#92 TSG#93  TSGH#94  TSG#95
| |
Rel-16 Stage 2 Rel-16 RAN Completion
Rel-16 Stage 3 Release 16
SR AsN  rana
Rel-17 RAN Content Definition
Rel-17 Stage 1 Release 17/
I
Rel-17 RAN Completion ASN.1 RAN4
Rel-17 Stage 2 (RAN2/3/4core)

Rel-17 Stage 3

| |

GX

~

A LLOPAL IMIT ATV

Source: 3GPP 1SG SA#87e, 17-20 March 2020, e-meeting document SP-200222

Rel-18
Content
Definition
(T8C)

Release 18

© 3GPP 2020
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5G: A Phased Approach VILCOHM

e 5Gis about three things:
 Enhanced Mobile Broadband (eMBB)
 Ultra-Reliable Low-Latency Communications (URLLC)
 Massive Machine Type Communications (mMTC)

 Agreed upon early on that all three of these topics are far
too much to be addressed in single Release

 Phased approach was needed

* Phase 1: Primarily addressed by Release 15

* Focus is on enhanced Mobile Broadband (eMBB)

 Alsointroduces many of the mechanisms that will be needed
to eventually achieve other goals

 Thisis what is primarily deployed today

* Phase 2: Primarily addressed by Release 16 and 17

* Focus on URLLC and mMTC
* Many other key features

\\\\\\




5G: A Phased Approach (continued)

Phase 1

New decomposed radio network architecture

New modularized 5G core network

Network slicing

Multi-access Edge Computing (MEC)

VILCOM ComSoc

Phase 2

Integrated Access and Backhaul (I1AB)
Enhanced Vehicle-to-Everything (eV2X)
NR-based use of unlicensed spectrum
Non-Orthogonal Multiple Access (NOMA)

Non-Terrestrial Systems




Release 16: Key Features

VILCHHM

Release 16 Work Items / Study Items

MIMO enhancements

Remote interference management & cross-link

interference

UE power savings

Beyond 52,6GHZ
Non-orthogonal multiple access
Integrated access backhaul

CA and DC enhancements

Access to unlicensed
Mobility enhancements
Positioning

Vehicle-to-everything
PHY enhancements for URLLC
Industrial IOT

MTC enhancements
NB-IOT enhancements

https://www.ericsson.com/en/blog/2018/9/5g-nr-release-16--start-of-the-5g-evolution

—~lEEE
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3GPP Release Schedule VILCOM ComSoc

3GPP Release Date Details
Release 99 3G UMTS

Release 5 Ql 2002 IMS and HSDPA

HSUPA, IMS Enhancements

HSPA+

LTE

LTE UMTS Interop.
Q1 2011 LTE-Advanced
Hetnet, CoMP
Carrier Aggregation
Q1 2016 LTE-U, LTE-LAA, LTE-M
CUPS

ey
Release 16 End 2020 5G Phase 2 (URLLC)
Release 17 5G Enhancements

Table 1: 3GPP 5G Release Schedule
https://59g.security/5g-technology/5g-3gpp-releases_-15-16-17/
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Quick Review: 4G Network

VILCHHM

ComSoc (i
Architecture e

EUTRAN

) =f==tm=o= == ()
LTE-Uu

External PDN or
Operator Services

User Plane
Control Plane

(e.g. Internet or IMS)

Entity

Serving Gateway

PDN Gateway
Mobility Management Entity

Home Subscriber Server

Policy Charging and Rules Function

S-GW serves as user plane mobility anchor.
P-GW provides EPC connectivity with external systems

MME manage UE connections to the EPC

HSS stores user information (e.g. credential, roaming restrictions)

PCRF responsible for policy control and flow-based charing control



5G Network Architecture

N14

o
o Rl = (Bl (e = (A

N1

)

5G UE

) N4
—h -

T - " upF | NG [ DN j

NS

(

gNB

 While previous trends were to condense network functions, the 5G
network architecture emphasizes decomposition of functions and
delineation of user plane and control plane functions
* @Goals:
 Enable virtualization and software-defined approaches
* Enable Network Slicing

VILCHHM

IEEE 72
mSoc ¢

N
TN
s

>
:Lu:’
>

Component_runcion

AMF

AUSF

UDM

SMF

UPF

PCF

AF

DN

NG-RAN

Access and Mobility Function

Authentication Server
Function

Unified Data Management

Session Management
Function

User Plane Function

Policy Control Function

Application Function
Data Network

Next-Generation RAN



5G Core (5GC) Network Elements

Component

AMF

AUSC

UDM

SMF

UPF

PCF

AF

DN

5G Core Access and Mobility Management
Function

Subscriber authentication management
Stores Authentication Vectors

Session management, plus some control plane
functions (allocation of IP addresses)

User traffic transport functions. QoE
Enforcement function

Provides policy rules for control plane function

Application influence policy and traffic routing

External Data Network

VILCHHM
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Closest 4G

Equivalent

MME

HSS

HSS

MME, S-GW, P-GW

S-GW, P-GW

PCRF

AF

PDN




5GC vs. 4G EPC

* Good paper describing the new
5GC and migration from 4G EPC

to 5GC can be found at:

* https://www.gsma.com/
futurenetworks/wp-content/
uploads/2018/04/Road-to-5G-
Introduction-and-

Migration FINAL.pdf

Feature

Access Network

VIILCOM

EPC (4G Core)

S1 with per UE assigned MME & SGW (in
case of CUPS: single SGW-C and multiple

(1]

—~|EEE A
ComSoc

5GC (5G Core)

N2/3 common to all access with per UE

interface SGW-U) & multiple PDN GWs assigned AMF & multiple N3 to UPFs
ePDG and TWAG for non-3GPP access
Unified registration, authentication, session
management for 3GPP, non-3GPP access
el Access dependent procedures. (including untrusted, trusted WLAN and in Rel

16 also fixed access), Common N1/N2/N3 for
3GPP and non-3GPP access, enabling
seamless mobility

Network slicing

Single slice per UE with multiple PGW

E2E multiple slices per UE with shared AMF,
slicing aware RAN and per slice SMF/UPF
(potentially slice specific PCF, NRF, etc.)

QoS model

QCI based bearers

QoS flow based framework, including
reflective QoS support

Cloud native

Possible but node based (box driven)

Native support for cloud based deployment
with service based architecture and service-
based interfaces within 5GC CP; Definition of
NF services

Local applications

Support LIPA/SIPTO based deployment

Support for edge computing. Application
influence on traffic routing.

Session/service
continuity

Supports full IP address preservation for
centralized GW or break before make
solution for local GW (LIPA/SIPTO);
service continuity with 2G/3G PS and
SRVCC

Improved Session model including different
Session and Service Continuity modes.
Support for concurrent (e.g. local and central)
access to a data network. No service
continuity with 2G/3G PS and no support of
SRVCC.

Policy framework

Support SM/QoS based policies

Unified Policy framework for Access and
mobility control, QoS and charging
enforcement, policy provisioning in the UE;
introducing NWDA (Network Data Analytics)
for data analytics support.

Services
supported

SMS over NAS over 3GPP access, IMS
services over 3GPP access and non-3GPP
access, LCS, MPS, MCPTT, mobile
broadband

SMS over NAS (including over Non- 3GPP),
support of IMS services over 3GPP access and
non-3GPP access, LCS, MPS, MCPTT, mobile
broadband

Support for RRC
INACTIVE state

Support not specified

Support for RRC inactive (RRC state machine
includes 3 states: RRC IDLE, INACTIVE,
CONNECTED)
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The 5G Architecture: SA vs. NSA VILCOM

* Non-Standalone (NSA): 5G Networks supported by existing 4G infrastructure
e 5G UEs use 5G for data but use 4G for non-data functions

 Standalone (SA): 4G infrastructure not required

Non Standalone Standalone

5G Cre

-
-~
-
-
-
-
->
..
-

= Data Plane = Data Plane
----- Control plane ress: Control plane

https://www.testandverification.com/5g-usage-scenarios-nsa-sa




The 5G Alphabet: G’s, N’s, and B’s

* Lots of different types of 5G cells in the 5G NG-RAN

VILCHHM
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gNB

eNB

ng-eNB

en-gNB

MeNB

SgNB

EN-DC

Next-Generation Node B

Evolved Node B

Next-Generation eNB

Session management, plus some control plane
functions (allocation of IP addresses)

Master Node

Secondary Node

E-UTRA New Radio Dual Connectivity

Logical 5G Node B, equivalent of NodeB in 3G
UMTS and eNB in 4G LTE

LTE-only cell

Enhanced 4G eNB that connects to the 5GC
Core Network

Supports dual-connectivity UEs

Controls UE radio connection. Supports dual-
connectivity UEs

Supports dual-connectivity UEs

Ues communicate with both cell types
simultaneously.



Mixed 4G/5G RAN VILCEOM
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AMF/UPF AMF/UPF MME/S-GW MME/S-GW
5G

EPC
Core

NG-RAN 4 b E-UTRAN

4G and 5G NBs communicating with the 5GC Dual Connectivity



Small Cell Networking

 Small cell networking allows for
densification of networks for improved
performance and capacity

* 5G will use small cells for more than just
filling in coverage gaps

MILCOM ComSoc &

Spectral Aggregation

co E:J &9 CO] -
| BBU Mobile Core S
Pool Backhaul Network ™, >

"

WLAN Hot Spot

Mobile Fronthaul
Network

Role of Small Cells increases with each “G”
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http://qualcomm.com/news/onq/2018/10/15/ubiquitous-5g-experiences-small-cells
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M. Xu et al., “Bidirectional Fiber-Wireless Access Technology for 5G Mobile Spectral

Aggregation and Cell Densification,” |IEEE Journal of Optical Communications and Networking,
Vol. 8, Issue 12, 2016.




Multi-Access Edge Computing MILC®M ComSoc AECEL

* The movement of applications closer to the edge (i.e. users)
* Improves E2E latency performance
* Improves user experience

Bag Data

Semsor s

Sociad & nternet
Data source s Developer & Customer
Communt hhes

Y. Hu et al., “Mobile Edge Computing: A Key Technology towards 5G.” ETS|I White Paper, September 2015
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Vehicle-to-Everything MILCOM ComSoc &

 V2Xtechnology being
dEVE|Oped to provide: Continuous V2X technology evolution required

Accommodating ever-evolving use cases and safety requirements
* |mproved throughput '

 Higher reliability / .
Evolution to 5G, while maintaining ‘,,r* . 7 ‘
* Lower latency C-V2X R15+ (b

backward compatibility

\ Higher throughput Wideband ranging
Enhanced safety and positioning
C-NZS REns Higher reliability Lower latency
4 etter lin udget leading to :
Basic safety B ik Exniont haad]
® Key end b I er fO I 80211p or C-V2X R14 longer range and more reliability \ g :
h . I Established foundation "\A . = .
i i - N _ _ See-through /
a UtO n O m O U S Ve IC eS for basic V2X services é Disable caividis ens e a» Q.
mA’D) : Bird's eye view / HD
T AH - 3 map updates
Forward collision waming Disable vehicle after blind curve Cooperative driving

http://qualcomm.com/news/onq/2017/02/24/accelerating-c-v2x-toward-5g-autonomous-driving

e G@Great V2X tutorial can be found at:

* https://site.ieee.org/swe-ctw/files/2019/06/20190611-5GCAR-Summer-School-5GCAR-
Presentation public.pdf
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“Providing
dedicated virtual
networks with
functionality
specific to the
service or —r—

= % = - .
customers over g S - @ » £

common O&OQ Automotive devices R CP/UP Ve:'u:cal

network -

infrastructure”

. Access node - Cloud node (edge & central) - Networking node . - - Part of slice

“TSN Profile for Network Slicing,” Huawei presentation, http://www.ieee802.org/1/files/public/docs2018/new-tsn-wangtt-
TSN-profile-for-network-slicing-0718.pdf




The 5G NG RAN: New Radio (NR) MILCOM ComSoc (i

* New spectrum — sub-6 GHz and mmWave
* Massive MIMO and Beamforming
* Flexible Frame Structure

e Scalable OFDM

 Scalable numerology



5G Spectrum

New spectrum opportunities for

5G

VILCHHM

IEEE
ComSoc

T D
AFCEA
A A_J

5G proposed

 Millimeter wave (mmW) . .
* New sub-6 GHz opportunities i - 10 St
5G sub-6GHz 5G mmWave

(24 GHz — 40 GH2)
New

Mid bands
(3.5 GHz — 6 GH2)
New

Mid bands
(1LGHz — 2.6 GH2)
Legacy

Low bands
(<1 GH2)
New/Legacy

~

2017
B 5G

2018
B 4G

3G
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2020
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2021 2022

High bands (24 GHz - 4@ GH2)
Mid bands (3.5 GHz — 8 GHz)
Mid bands (1 GHz — 2.6 GHz)

Low bands (sub -1 GH2)
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Capacity and coverage
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Dual connectivity with
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Carrier aggregation
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http://www.ericsson.com/en/networks/trending/hot-topics/5g-spectrum-strategies-to-maximize-all-bands




5G Spectrum (continued) MILCOM ComSoc @

* More available spectrum
* New shared spectrum models

* New unlicensed spectrum models

Range Band Frequency Band Bandwidth Frequency Range
Low 71 600 MHz 81 MHz 617MHz - 698 MHz (N B |
44 700 MHz 100 MHz 703 MHz - 803 MHz ’ B A |
Mid 66 (AWS) 1700.2100 MHz 100 MHz 1710-1780 and 2110-2200 MHz
Spectrum Bands Licensed Shared Unlicensed
40 2.3 GHz 100 MHz 2.3—2.4 GHz PP T
41 2.5 GHz BRS/EBS in US 194 MHz 2496 - 2690 MHz wmomind |/ 600 MHz US
foc capexity with cxge | 00 M EU
42 3.5 GHz 200 MHz 3400 - 3600 MHz ik el e
43 3.6 GHz 200 MHz 3600 - 3800 MHz Mid-band AWS (Band 66) 3.5 GHz CBRS US
1-6GHz 2.5 GHz 3.7-4.2 GHz US 5-5.9 GHz
C-band | 4.4 GHz 590 MHz 4400 - 4499 MHz Good for urban deployment 3.3 -4.3 GHz 5.0.7.1 Qe US. |
with increased capacity 4.4-4.99 GHz
High n258 24 GHz mmWave 3.25 GHz 24 .25 -27.5 GHz High-band e
Above 20 GHz e
n257 26 GHz mmWave 3.00 GHz 26.5 - 29.5 GHz Limited coverage with j;j:g-;ig“z j;j{-gfjf’ 64-71 GHz
n261 | 28 GHz mmWave 850 MHz | 27.5- 28.35 GHz sty | T TTT
nzso 37 GHZ '..“n"wave 1 GHZ 37.0 = 38.6 GHZ Source: Wireless 20/20, December 2018
n260 39 GHz mmWave 2 Ghz IR 0—-40.0 GHz
n257 47 GHz mmWave 1 GHz 47 .2 - 48.2 GHz

Source: 5G Americas, 3GPP 5GNR NSA specification and Wireless 20/20, December 2018



Scalable Numerology MILCOM ComSoc

* The NR interface supports variable OFDM sub-carrier spacings to address different
circumstances (e.g. spectrum, bandwidth, deployment)

e 15kHz, 30 kHz, 60 kHz, 120 kHz

- BW (e.g. 10, 20 MH2) >
Macro M SO
Coverage / e e e e e e e e e e e e e
Small Cell
- BW (e.g. 100 MHz) >
o m .................. m
-« ‘BW (e.g. 200 MHZ) >
—_— m ................ m
- BW (e.g. 400 MH2) >

A. Ghosh, Nokia Networks, “5G NR: Physical Layer Overview and Performance,” IEEE Communications Theory Workshop, May 2018.
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Flexible Resource Allocation

VILCOM Co
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The 5G NG air interface allows for flexible allocation of resources to support different

service types and QoS requirements

e Scalable slot duration

* Traffic preemption for URLLC
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BLANK
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A. Ghosh, Nokia Networks, “5G NR: Physical Layer Overview and Performance,” IEEE Communications Theory Workshop, May 2018.
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Scalable Slot Durations

* The 5G NG air interface provides flexible slot duration structure for different
transmission types

* Oneslotis 14 symbols — slot length depends on sub-carrier spacing
 Mini-slots can be allocated for shorter transmissions
 Slots can be aggregated for longer transmissions

-t Slot >

15 kHz SCS

30 kHz SCS

60 kHz SCS

120 kHz SCS

A. Ghosh, Nokia Networks, “5G NR: Physical Layer Overview and Performance,” IEEE Communications Theory Workshop, May 2018.
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Massive MIMO

Massive MIMO enables higher data rates and
improved RF link performance

Beamforming allows for improved co-cell
interference management

Current
(4G)

Massive APAA for
S5t-generation
base stations

Antenna for
4" -generation
base stations

‘l =— terminal

VILCOM C
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Synchronization and
broadcast signals
(beam sweeping)
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http://www.inverse.com/article/53624-do-cell-phones-cause-cancer-maybe-maybe-not

http://www.ecnmag.com/article/2018/05/fact-or-fiction-whats-real-5g-new-radio




Massive MIMO in 5G NR VILCOM ComSoc

Release 10 | Release 11

* 4x4MIMO « 8TX TMS8 « 8T X TMSO * Downlink

e 4x2MIMO CoMP (TM10)
« 8RX uplink

- Uplink CRAN

Release 12 Release 13 Release 14 Release 15+

 Downlink « Massive « Massive e 5G/NR

eCoMP MIMO 16TX MIMO 32TX Massive
B TAT MIMO 32TX+

codebook

A. Ghosh, Nokia Networks, “5G NR: Physical Layer Overview and Performance,” IEEE Communications Theory Workshop, May 2018.
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High-Level Comparison between NR VI COM
and LTE
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LTE NR
- Up to 6 GHz, ~28 GHz, ~39 GHz, other

Frequency of Operation Up to 6 GHz mmWave bands (Upto 52 GHz)

. . ) Max: 100 MHz (at <6 GH2)
Camer Bandwidth Max: 20 MHz Max- 1 GHz (at >6 GH2z)
Carmer Aggregation Up to 32 Up to 16
Analog Beamforming (dynamic) Not Supported Supported
Digital Beamforming Up to 8 Layers Up to 12 Layers

: Data: Turbo Coding Data: LDPC Coding

Channel Coding Control: Convolutional Coding Control: Polar Coding
Subcarmner Spacing 15 kHz 15 kHz, 30 kHz, 60 kHz, 120 kHz, 240 kH=z
Self-Contained Subframe Not Supported Can Be Implemented
Spectrum Occupancy 90% of Channel BW Up to 989% of Channel BW

https://spectrum.ieee.org/telecom/wireless/3gpp-release-15-overview




The 5G Security Architecture MILCOM ComSoc T

* Primarily defined by TS 33.501

 Key differences from 4G LTE security model
* Less exposure of user ID (IMSI / SUPI)
 Migration towards PK| approach rather than symmetric shared secret key approaches
* Minimization of information in pre-authentication signaling
 Mandatory integrity protection on the user plane

 5G authentication procedure utilizes Extensible Authentication Protocol (EAP)
 Used for both primary authentication procedure and secondary authentication
 Secondary authentication used for user plane connections

« Community divided on impact of network slicing on security
* Some believe it allows opportunity for advanced quarantine response procedures
* Some believe it provides larger attack surface
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The 5G Security Architecture VIILCOGM C

Home PLMN Home PLMN /Aa
ey 5G
Pro
FAN
Llte INIE
Internet, voice US UDM Internet, voice
and other services . and other services
a
Visited PLMN !
- === Control Plane -
— User Plane '
SMF |~
non-3GPP
access
3GPP
access

Figure 1: Simplified security architectures of LTE and 5G showing the grouping of network entities
that needs to be secured in the Home Network and Visited Network and all the communication

links that must be protected.

https://www.ericsson.com/en/blog/2019/7/3gpp-5g-security-overview
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The 5G Security Architecture MILCOM ComSoc (&

 Security Edge Protection Proxy: SEPP: All signaling traffic across operator networks will transit through
these security proxies

 Authentication between SEPPs is mandatory: Enables effective traffic filtering through the interconnect

* New N32 interface application layer security solution: Aims to protect information while still allowing
inter-networking

A A
= N52 =
SEPP SEPP

| Service Based Interface

A
—

N3IW SM

Visited PLMN Home PLMN

Figure 2: Simplified service-based architecture for the 5G system in the roaming case

https://www.ericsson.com/en/blog/2019/7/3gpp-5g-security-overview
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Next-generation WLANS
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Overview of IEEE 802 VILCOM
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 |EEE 802 is the “Local Area Network (LAN) and Metropolitan Area Network (MAN) standards

committee”

* Working-group based
 Parliamentary procedure
 Develops PAN/LAN/MAN/WAN standards

 Ethernet (IEEE 802.3)

 Token Ring (IEEE 80.5)

 Wireless Local Area Networks (WLAN) (IEEE 802.11)

* Wireless Personal Area Networks (WPAN) (IEEE 802.15)
 Wireless Regional Area Networks (WRAN) (IEEE 802.16)

* Allworking groups can be found at http:www.ieee802.org




The IEEE 802 Standards Process VILCOM ComSoc ngjg;\

 Standards development activity begins in the form of a Study Group
* The members of the study group then decide if it wants to standardize a technology
* |fso, it can then become a Task Group (TG)

 Before a TG can be formed, formal IEEE approval must be obtained

 |EEE approval requires two documents that have achieved working group consensus

* Project Authorization Request (PAR)

 Delineates scope of proposed TG, goals, deliverables, etc.
‘5 Criteria’
 There are five criteria that must be met before a formal technology standards process can begin
Broad Market Potential
Compatibility
 Distinct Identity

Technical Feasibility
Economic Feasibility

 Atypical timeline for a technology to become an 802 standard is typically 5 years
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Overview of IEEE 802.11 VILCOM

* Defines PHY and MAC layer protocols for WLANS

 “Task Groups” define different PHY implementations of the protocol, clarifications to current
IEEE 802.11 standards, address Quality-of-Service (QoS), security, etc.

 Current Task Groups:
e ME — Maintenance / Revision
e AX—High Efficiency Wireless LAN
* AY — Next-Generation 60 GHz
* AZ-— Next-Generation Positioning ...
* BA—Wake-up Radio i —
* BB - Light Communications

e BC-—Enhanced Broadcast Service

* BD - Enhancements for Next-Generation V2X
e BE — Extremely High Throughput

e BF—WLAN Sensing (SENS)

e BH - Randomized and Changing MAC Addresses (RCM)
e Bl - Enhanced Data Privacy (EDP)
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IEEE 802.11 Standards VILCOM

(1]

A
1laa 11k 11s [ lle l
Video Transport RRM Mesh 0OoS \,
O J0S
<<
= 11u 11iv 11h
Network
llae WIEN L Management DFS & TPC
QoS Mgt Frames
— 11 11i 11d
< Security Intl roaming
TDLS | T 1w
Management IEEE
11r s Std.
Fast Roam Sy 802.11
802.11 <4— 802.11 <:: 802.11 <“: 802.11 <« -1997
-2016 g -2012 -2007 -2003
1-2
11n Mbps
TV Whitespace Throughput A 54 Mbps
2 (>100 Mbps) |, 5GHz
= 11ac -VHT
o3 >1 Gbps @ 5GHz
- 11y 11g 11b
o 11ad - VHT V\]I.I]\.\‘I)E Contentcilon 54 Mbps 11 Mbps
Base mA " 2.4GHZ
>1 Gbps @ 60GHz Pro | |
v

“IEEE 802.11 Overview and Amendments under Development,” http://grouper.ieee.org/groups/802/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx
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“Wi-Fi” is an 802.11 marketing term that has become synonymous with 802.11 WLANSs

The Wi-Fi Alliance was formed in 1999 as a non-profit international organization to
certify interoperability of IEEE 802.11 WLAN products

* Acts as an advocate for IEEE 802.11-based technology

Leadership

compan S8 Wil
Hundreds of member companies S Fi

. ;o . . CERTIFIED"
Over 50,000 certifications issued to date

“Wi-Fi Certified” logos are found on 802.11 product packages m

CERTIFIED

More information at: http://www.wi-fi.org
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* Wi-Fi4: |EEE 802.11n-based products

 Wi-Fi 5: [EEE 802.11ac-based products

 Wi-FI 6: IEEE 802.11ax-based products



IEEE 802.11ax VILCOHOM
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IEEE 802.11ax aims to increase spectral efficiency over previous |IEEE 802.11

specifications and to provide increased throughput in the 2.4 GHz, 5 GHz, and 6 GHz
bands

IEEE 802.11ax places emphasis on performance in extremely dense environments
 Targets at least 4x throughput performance compared to 802.11n and 802.11ac

PHY and MAC layer modification to the base IEEE 802.11-2016 specification

yAVAN|

N\




IEEE 802.11ax

VILCOM ComSoc i

DL/UL MU-MIMO

1024 QAM w/ 8 clients

25% increase

in data rate D
//DD Ell.'I
8x8 AP mcreas{ i Dp
m in throughput- [

Spectral Efficiency & Area Throughput

Lon

OFDM

Symbol

Up to 20%
iNncrease
in data rate

High Density
OFDMA

Spatial Reuse

Power Saving
Scheduled sleep and wake times

. l'\xll'\h] TWT Wake I:nlr\.l

TWT element: nplacn TWT, MNext TWT. TWT Wake Interval

20 MHz-only clients
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. ] ETA C o

1 -
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mar |

ST E
L i s
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Extenc?

Outdoor / Longer range

n ge pa%:ket lJ;u*'uctu re |

L-STF L-LTF

L-SIG | RL-SIG HE-SIG-A HE-STF| HELTF | .| HELTF Data °E

Enhanced delay
spread protection-
long guard interval

0.8us
11ac

1.6us 11ax

3.2us 11ax

“IEEE 802.11 Overview and Amendments under Development,” http://grouper.ieee.org/groups/802/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx



|EEE 802.11ax - 5G Indoor HotSpot

1 FPeak data rate

2 Peak spectral efficiency

3 User experienced data rate

fal 5t percentile user spectral efficiency
S Average specitral efficiency

6 Area traffic capacity

T Mobility

8 Bandwidth

9

User plane latency

Analytical
Analytical

Analytical for single band and single
layer;

Simulation for multi-layer

Simulation

Simulation
Analytical

Simulation
Inspection
Analytical

DL/UL : 2010 Gbps

DL/UL : 30/15 bits/s/Hz

Mot applicable for Indoor Hotspot

DL/UL : 0.3/0.21 bits/s/Hz

DL/UL : 9/6.75 bits/s/HzZ/TRxP
DL : 10 Mbit/s/m?<

UL : 1.5 bits/s/H=z
100 MHz, scalable
DL/UL : 4 ms

VIILCOM
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DL/UL : 20.78 Gbps [Note 1]

DL/UL : 58.01 bits/s/Hz [Note 2]

Not applicable

DL/UL : 0.45/0.52 bits/s/Hz [Note 3]

DL/UL : 9.82/13.7 bits/s/Hz/TRxP [Note 3]

Required DL bandwidth = 170 MHz with 3 TRxP/
site. [Note 4]

UL : 9.4 bits/s/H=z
20/40/80/80+80/160 MH=z
DL/UL : 80 us [Note 5]

“IEEE 802.11 Overview and Amendments under Development,” http://grouper.ieee.org/groups/802/11/IEEE%20802-11-Overview-and-Amendments-Under-Development.pptx
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* Amendment that builds on IEEE 802.11ax

 Extremely high throughput — up to 30 Gbps

 Extremely low-latency communications

 QOperationsin the 2.4 GHz, 5 GHz, and 6 GHz bands

* Use Cases: AR/VR, 4K/8K video streaming, cloud computing

e Targeted Completion: 2023

yAVAN|
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 |EEE 802.11bd is defining MAC and PHY enhancements from IEEE 802.11n, ac, and ax to
provide a backwards compatible next-generation V2X protocol

 Aims to eventually be basis of next-generation DSRC technology
* DSRC — Dedicated Short Range Communications (DSRC): current vehicular network standard
* Currently based on IEEE 802.11p

 Key goals:
* Higher throughput (2x) than [EEE 802.11p
* Longer range
* Support for positioning
 Backwards compatibility with IEEE 802.11p
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Concluding Statements VIILCHHM

5G technologies such as 3GPP NR and WiFi 6 represent a significant evolution in wireless communications

5G technologies offer several key performance capabilities

e Extremely high data rates
e Extremely low latency

e Extremely high reliability
e Extreme scalability

Capabilities offered by 5G will likely enable an entire new generation of applications

e Autonomous vehicles

e Internet of Things

e Distributed Machine Learning

e Distributed / Remote Everything...

Commercial momentum is strong

e Healthy eco-system
e Quickly growing product base

However, 5G is surrounded by confusion and hype

Market will determine final form of 5G
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* LTE Optimization Engineering Handbook, X. Zhang,
Wiley/IEEE Press, January 2018.

* 5G New Radio in Bullets by C. Johnson, Independently 58
published, July 2019. “OP\'}IMIZATION

“ENGINEERING

HANDBOOK

* 5G NR: Architecture, Technology, Implementation, and
Operation of 3GPP New Radio Standards, 15t Edition, by
S. Ahmadi, by B. Ramsundar and R. Zadeh, O'Reilly,
June 2019.

 5G Explained: Security and Deployment of Adbanced
Mobile Communications, 15t Edition, J. Penttinen, April
20109.
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