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Physical Connection is setup
When call connection is made
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Anytime Comm.
Anyplace Comm.



Comm. Domain Extension

ANY TIME
communication

: Bi&;‘t « At the computer
9 * Qutdoor
* Indoor (away from the

computer)

ANY PLACE

communication

Between Computers
ANY THING « Thing to thing

communication * Human to thing
* Human to Human
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H 9} THY|: 3GPP, 3GPP2, IEEE

2G 3G 4G ?
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3RD GENERATION
PARTNERSHIP
B —
3GPP2

¢ IEEE

Advancing Technology
for Humanity

WCDMA \
TD-SCDMA

/ LTE FDD/TDD

* 3GPP: 3rd Generation Partnership Project
* 3GPP2: 3rd Generation Partnership Project 2
* [EEE: Institute of Electrical and Electronics Engineers



ETSI, 3GPP
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* ETSI: European Telecommunications Standards Institute * UMTS: Universal Mobile Telecommunications System
* 3GPP: 3rd Generation Partnership Project * LTE: Long Term Evolution, NR: New Radio



3G, 4G2F H|

2G/3G mmm
- E=
GMSC Softswitch MGW
PSTN
P Other
CMDA/EV-DO = / mobile
GSMVGPRS L networks

EDGE

UMTS -

HSPA 2 Internet

™ ven

LTE

circuit-only circuit/packet packet-only

voice,sms .
c S (data) voice,sms

data,

PS i EPS voice,sms
GSM GPRS, UMTS LTE

CS: Circuit-Switching, PS: Packet-Switching, EPS: Envolved-Packet-Systam
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broadband [ ——————— 4G cellular networks } — — — — =, X i
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via phone . o

--------

Communication)
mobile Internet,

mMTC,

200,000/km? Metering,

agriculture,
climate,

* eMBB: enhanced Mobile Broadband
* mMTC: massive Machine Type Communication
* URLLC: Ultra Reliable Low Latency



3G, 4G, 5G H|u

UMTS(3G)

LTE(4G)

NR(5G)
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UMTS: Global

LTE: Shannon Limit
NR: Sub-6, mmWave

* UMTS(3G): Universal Mobile Telecommunications System
* LTE(4G): Long Term Evolution, * NR(5G): New Radio



1990 CSFB to 2G 2000

pciad

2010 2020

Voice & SMS

URLLC

eMBB
PS Data

mMTC

||||||||||||||||

IMT-2020, NR(New Radio), 5G
QUL YOI= Mo 80f ?

* eMBB: enhanced Mobile Broadband
* UE=MS * mMTC: massive Machine Type Communication
* RAN=BS * URLLC: Ultra Reliable Low Latency



Packet Switched Network

Packet Switching

Packet-switched channel /&5 Sy
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Base Station Lo

Access Technology

« Radio Frequency

* Multiple Access

* Modulation

« Channel Coding

« (Call Processing(AS)

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

< Cellular Network Assumption >
* Radio Access Network: Limited Resources < 2o w2 80 s >
* Core Network: Unlimited Resources * HA|Z7|, A|AHl Data, &



Physical Layer Processing(Baseband, OFDMA Tx)

1 Transformation of code symbols

1 Source separation and
synchronization

1 Pseudorandom sequence

Scrambled
Code code
Bits symbols symbols
> D> D>

1 Structured redundancy and shuffling
1 Enhanced reliability

1 Example: convolutional, turbo, polar, LDPC

1 Representation
of information
1 Compression

1 Example: QPSK, 16QAM,

640AM and 2560AM

Modu-
lation
symbols

1 Structure for
over-the-air
transmission

1 Scalability

1 Example: IFFT

Transformed Base-
modu- band
lation OFDM
symbols signal
D> >

1 Transformation of modulation
symbols

1 Support for advanced antenna
techniques

1 Structure of information for
transmission from multiple antennas
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Japan China  Korea Japan Europe LIK

* [TU: International Telecommunication Union
* IMT: International Mobile Telecommunications
* UN: United Nations
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gh Speed Download

4 o
4G 5G

200-300 Mbps 1-10 Gbps

How long will it take :
to download a two- =
hour-long 3D movie?

I
1
ch

y

‘What you could do
while waiting

?

Run on a quick mile Ask, "Is it
Catch up on Facebook downloaded yet?"

o 4G, 5GO| T HEF3} gtekd 2 Download H|O|H =& L
e 5G& Access 7|=1} €Y Core NetworkO| &= B 7|= =7}
- SBA, Network Sllcmg, MEC, CtFst QoS X 2|



Mobile Traffic 7}

Mobile data traffic by application category per month (percent)

M Vvideo Audio [l Web browsing [ Social networking [l Software download and update [ Other segments [l P2P file sharing

2018
28EB
per month

*Traffic from embedded video in web browsing and social media is included in the application category "Video”
2Ericsson ConsumerLab, 5G consumer potential study (May 2019)

Main drivers for video traffic growth

— Video part of most online content
(news, ads, social media, etc.)

— Growth of VoD services

— Video streaming services

— Changing user behavior — video
being consumed anywhere, any time

— Increased segment penetration,
not just early adopters

— Evolving devices with larger screens
and higher resolutions

— Increased network performance
through evolved 4G deployments

— Emerging immersive media
formats and applications
(HD/UHD, 360-degree video, AR, VR)

per month




3GPP Ecosystem
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specs locally
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Terminal certification
based on 3GPP specs
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3GPP Standardization Process

International
Recommendations Regulators/

Governments

PARTNERS
Project Co-ordination Group «
Market
IMT 2000 Organizational .
Contributions Partners
via existing
processes

» Technical Specification Groups

Technical y
INDIVIDUAL Contributions Support Functions
MEMBERS
Technical
Specifications

Organizational Partners’ Standardization Process

Organizational Partners’ deliverables



3GPP 77 ®o| 18
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A GLOBAL INITIATIVE

Project Coordination Group (PCG)

TSG RAN

RAN WG1

RAN WG2

RAN WG3

RAN WG4

RAN WG5

RAN WG6
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3GPP Release &

2015 2016 2017 2018 2019 2020 2021
3GPP SGPP 3GPP 3GPP Rel 17
_______________ Rel 14 Rel 15 Rel. 16 & beyond
Situdy o Early drop NR spec: Wlde-spread
—Cha;nnel bodd : (acceleration plan) pommerCIallzatl_
Study Ttem: Scenarios and : : onof Rel-15 :
Requirements . 5
Study Item: 5G new
RAT :
: Work Item: Sé new RAT
(Phase_ 1) s :

Work Item: 5G new RAT
(Phase 2) z

'PHASE 1 | . PHASE 2

3GPP Evolution
{RTI‘::::;‘I) Release 99  Release 6 Release 8 Ad"‘?»‘,":
GPRS UMTS HSUPA LTE l
171.2kbit/s 2Mbit/s 5.76Mbit/s  +300Mbit/s
| | | 3GPP
Release 9/10 Rel. 15 /s
| > LTE Advanced -~
| | | HSL e &
GSM EDGE HSDPA +
9.6kbit/s  473.6kbit's  14.4Mbit/s zfém‘i’gf
Phase 1 Release 99 Release 5 Release 7/8

* RAT: Radio Access Technology



3GPP Technical Specs 0f

3G 25.%XxX 38.8xx/38.9xx
WCDMA/HSPA Study items TR
38.1xx
36.xXX RAN WG4 UE/BTS Requirements
4G LTE

38 .2xx
Physical Layer

380
NR RAN WG2 Radio Protocols

38.4xx

Architecture/Interfaces

RAN WG1

RAN WG3

: Physical Layer General description

- Services provided by the physical layer
: Physical channels and modulation

: Multiplexing and channel coding

- Physical layer procedures for control
: Physical layer procedures for data
: Physical layer measurements

3GPP TS 38.201 v15.0.0 017-12)

Technical Specification

3rd Generation Partnership Project;

Technical Specification Group Radio Access Network;
NR;

Physical layer; General description

(Release 15)

3rd Generation Partnership Project;

Technical Specification Group Radio Access Network;
Study on Scenarios and Requirements for

Next Generation Access Technologies;

(Release 15)
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6 GHz 24 GHz

o

4G Large Millimeter Wave Bandwidth Opportunity

0@ O€

100 GHz

>

Textng Texting  Intemet Texting Texting  Intemet
joss BiRS i
2G Frequencies 3G Frequencies 4G Frequencies 5G Frequencies
GSM 2G HSDPA 3G LTE 4G loT 5G
Upto 1.9 Ghz Upto 2.1 Ghz Upto 2.5 Ghz Upto 95 Ghz



Electromagnetic Spectrum

Our exposure to radiation on the electromagnetic

spectrum
NON-IONIZING RADIATION IONIZING RADIATION
Traditionally perceived as harmless due to its lack of potency Can cause cellular and/or
Frequency (Hz)

DNA damage with
prolonged exposure

0 10? 10* 10° 108 10 1072 10 10 10 1042 10%
/. o .
= _ = a
B = =
Computer Radio Cellphone Microwave Remote Visible Ultraviolet X-rays Gamma
60-100Hz  520KHz-108 MHz 1.9 GHz-22GHz 3 GHz-30GHz control light UVA and UVB rays
5.8 GHz

« A} 3,000GHz 0|} Z=mp==Ql M Xp}

ZFatg= . M7|&F 7| &o| Rl s (oscillation) 1 2
27| % SM0| Th9| A|ZH1Z) Sotof B gl 3%
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Free Space Path Loss

=

Free Space Path Loss

Ard? 47
FSPL — (—1 ) (F)
1672 d?
BRI

Amplitude A
(dBm)
. 2
Receive Aperture drd
Frequency Related: - A
-40dB in the first meter (2.4GHz)
-47dB in the first meter (SGHz)
Inverse Square Law
Distance Related: -6cB every time the distance from the source is doubled
-40dB
-47dB
i -46dB
; -53dB
E E ' -64dB
5 ' : : -71dB
b 6dB i 6dB -6dB i 6B :
— o " ’ .
. } + } + »
0 m 2m 4m 8m 16m Distance (m)




Multipath Fading(1)

multipath

Direct wave

Reflected wave Wﬂﬁnn#“ﬁ“nmﬂﬁnﬁl ﬁMﬁ
r
fef lected Diffracted wave

Reflectad wave WWW“WVMNM Composed wave

Wave
ooo
000l %
Ref | ected/00
Wave

iffracted
wave

Direc 00

|
| o o
| i o |




Multipath Fading(2)

Signal Power

Path loss

Signal Power

Distance [Linear Scale)

Shadowing

ANAN\NAN — s

Signal Power

Distance (Linear Scale)

Multipath

AN

Distance|Linear Scala)

Signal Power

Real Observed Fading Profile
[Thisis compaosition of allthe
fading compaonents)

Distance



K| Path Loss 0j

Path loss

\\'ﬁ _ space
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Building

Free
space
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Licensed Shared Unlicensed
spectrum spectrum  spectrum

Exclusive use New shared spectrum paradigms Shared use
Over 40 bands globally for LTE Example: 2.3 GHz Europe / 3.5 GHz USA Example: 2.4 GHz /5 GHz / 60 GHz global
. . .

55
3,

ziggee €3 Bluetooth




Multiple Access



Multiple Access Technologies

Multiple access is a technique that lets multiple mobile users share
the allotted spectrum in the most effective manner.

FDMA TDMA CDMA OFDMA

\ 4

itk

\ 4




CDMA: Code Division Multiple Access

Bass Static Frequency

Forward Link :
a composite signal
which is transmitted

to all users and CDMA in which each channel is assigned a unigue code
differentiated by codes Mobile Stations which is orthogonal to codes used by other users.
“Guten Tag"
Digital voice “Bonjour” “Shalom”

“Hello” “Buenos Dias”

/1 3 kbits/s

o XOR i’
D— MOdUlOmr ‘\
~——1.2288-Mbit/s Power
chipping 0mp||ﬁer J
signal
Code

generator Carrier

f

MMTHEDIC MAC



OFDM: Orthogonal Frequency Division

Multiplexing

L

(0

v

Symbol
detection

Y

Re
ADC > »l 21
YO °o e i
Y, g S
FFT $t]
N IO Parallel
Y — to serial
ADC > >
dim Yy
Af

* OFDM Z|z= 7l Bell Labs(1966)



OFDM vs. OFDMA

OFDM

OFDMA

E User 1
[i l E BB User2 =—

o ——— - User 3




OFDMA H| &

Ar2XFA  AMEALB AMEALC IoTA IoTB Data Push

PIYUIS . W WIVE VO W WIVIm

Q{l«
%Qy

PPDU per STA

!_*ﬁ

9,
%
o,
)

4 users/SS

4 users/SS

RU allocation
per user

Time (TXOP)
OFDM (11ac MU-MIMO)

Time (TXOP) N
OFDMA (11ax MU-MIMO)



ISI(Inter Symbol Interference) - 1

Single-carrier modulation Multi-carrier modulation
B SrAL T B ALTAL *

1
-

Transfer function

/\Hﬁ”/ B
A .

-

-

f
ﬂmv selective fading channi'/

Adantive equalizer '

Frequency Selective Fading



ISI(Inter Symbol Interference) - 2

2 options for transmitting the data

-V
-

Both cary the same date but a deep fade
damages only 1/4 of data

2 options for shipment goods via a truck

R BT 0

Both carry the same goods, but an O,
accident damages only 1/4 of goods GRANDMETRIC




Delay Spread

Path 1

Path 2

Path 3

$: A B C
| »
;?5 ()
ath 2 '
Path 1
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00

a0

a0

00
00



BER

—e— OFDM
—E—CP-COMA | |
—— CP-CS-CDMA

4

10 1 1 1 1 1 1 1 1 1
001 002 003 004 005 006 007 008 008 01 0.1
normalized maximum Doppler frequency offset

>

I ]
<P - >
Ts myb Tsmyb +TCP

N samples N+N:r samples



Shannon’s Law — Channel Capacity

MESSAGE
SIGNAL

SOURCE = ‘ TRANSMITTER |3 }mu

RECEIVED SIGNAL

MESSAGE

8| recever [l DESTINATION

Capacity =
IMaximum achievable
data rate (in bits/sec)

k/\ .

Signal Power —
/ﬁn Watts)

C:B-log2(1+§)

Radio Channel Bandwidth
(in Hz)

As this gets larger, C (Capacity)
gets larger

— SNR (Linear Scale, not in dB)

AN

Noise Power —
(in Watts)

As this gets larger, C (Capacity)
gets larger

Ex =
With Diversity, you can increase
this value



Shannon’s Law SHA|X|0f| =&

6

Shannon bound
-------- ~—— Shannon boundwith 3dB margin
5 r| —&— HSDPA -
—=—EV-DO ., >
—+&— |EEE 802.16e-2005

o~
N
B
@
=
2
9]
c
2
o
e
w
L
3
>
2
=
C
<

-15 -10 -5 0 5 10 15 20
Required SNR (dB)

Shannon’s Law

C~ W -n-log,(1+SNR) Ite

| Capacity Spectrum  Antennas Signal Quality

|
More More Interference
Spectrum Antennas Mitigation

1LY N Ao A







* QAM(Quadrature Amplitude Modulation)

64-QAM 256-QAM

e—— Each symbol
represents 8 bits

Each symbol 0

represents 6 bits

33% more
bit per transmission

0000000000000 00

5

4QAM 16QAM 2560AM

O[3




* Channel Coding

:ARQ Data Packet

\—Automatic Repeat ReQuest

Normalized throughput (for given clock rate)

6

5

4

3

2

1 * ® ® = °

>—o— — Turbo
° 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Code rate (R)

* LDPC: Low Density Parity Check
- 5G eMBB CH
* Polar Code: 5G Control CH



* Special Efficiency

10 bps/Hz

5 bps/Hz

Cell Spectral Efficiency

2.6 bps/Hz
| | 1.8 bps/Hz

L

|
4G DL 4G UL 5G DL 5G UL







MEM Mz K2| HA

Electronic )
Transducer Processors Transmitter
- LV

Receiver Transducer

Electromagnetic
oot iy [l - =

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

RECEIVER

___________________________________________________________________________________

+ SENDER

‘ Source - Source L) Channel 5] Modulator > Transmitter | .

' Encoder Encoder Antenna ; ’
T
>
z
Z

----------------------------------------------------------------------------------- m

' ' =

' | Destination k4 Source Channel Detector/ Receiver |_.: |

' Decoder Decoder Demodulator Antenna



Y

External
Network

Core
Network (CN)

Radio Access Network (RAN)

o0
e -
=E %f ° PSTN =
_
- BSC MSC
BTS

Mobile phone PSTN terminal

BTS : Base Transceiver Station

BSC : Base System Controller

MSC : Mobile Switching Center

PSTN : Public Switched Telephone Network



Device Base Stations NiCluurl'lR Backhaul

Core
Network

.

°
by STl

N EU o
Rall)|
HioB2 >

=1/ - O

RFE BH2l5lo HHH7 |2 S

rlorjo oo

o
12l 4T 2XE(S5F 28 23, Itg S) N
=

=

« A O0{ 0= SDN(Software Defined Networking, NFV(Network Function Virtualization)
S0| HEE[= A
- SDN& Control Data®@} User Data 22|, NFV= 7|32 CHYSH 7|5 #+a
o J|X|ZL MSHE|EED RFE 22|3810 Cloud RAN(Radio Access Network) Z= A



Centralized, Decentralized, Distributed Architecture

Centralized controller

(a) Centralized architecture (b) Distributed architecture

centralised decentralised distributed



ARl NOKIA Bell Labs

Q: i TH CELL USING CHANNEL SETQ
* : TRANSMITTER LOCATION

Fig. 1—Cellular layout illustrating frequency reuse.

Figure 11-35. Advanced Mobile Phone Service system plan.

N :
CELL ey ADC l—‘ NMC }—o oSl
SITE ~ i — ==
e 1 | — =
—— | L E
s MOBILE ! ——— OMC OMC
o 'I,’ TELEPHONE /JT"’
NETWORK TELECOmMEE TioNS | CELL 2 L D
SWITCHING SITE HVLR]
OFFICE 2 msc L —
T~ [=R] |
—_ :2#:5 _: AUC
S A —1
il HLR
CELL MSC [

@ Interface to

other networks

LAND-LINE RADIO
COMMUNICATION ————sejat-——— COMMUNICATION

Tie 1 sarmo auvsbam anmtmal alowennta




(1 2 (3

Licensed Spectrum Frequency Reuse Mobile Network
Cleared spectrum for exclusive use Reusing frequencies without interference Coordinated network for seamless
by mobile technologies through geographical separation access and seamless mobility

PSTN
(landline)

Operator-deployed base stations Neighboring cells operate on different Integrated, transparent backhaul
provide access for subscribers frequencies to avoid interference network provides seamless access




UMTS N/W 1t X

RNS

circuit-only circuit/packet packet-only

voice,sms

cs (data) voice,sms
PS data EPS vo;’:,:’ms
GSM GPRS, UMTS LTE

CS: Circuit-Switching, PS: Packet-Switching, EPS: Envolved-Packet-System



LTE N/W = (All

IP)

|
A

K

eNodeB

LTE Serving PDN IP Networks
-IMS
UE Gateway Gateway et
(S-GW) (P-GW) -Apps
\ eNodeB / /
E-UTRAN Enhanced Packet Core (EPC)
GMSC Softswitth ~ MGW
PSTN
Other
CMDA/EV-DO mobile
GSM/GPRS networks
EDGE
UMTS

Internet
_
™ ven
SGSN GGSN



LTE EPC =

335249

Non-3GPP
Devices

EPC

o

7z

Another EPC

eNodeB

.- -~ Signaling Interface
—— Bearer Interface

* EPC: Evolved Packet Core



LTE eNB /1=

Side beams

Main beam

100 (m)

0 20 40 60 80

0,1 mW/m?

5 mW/m?

1 mW/m?

Antennas

Traditional Base Station
Signal Processing

RF Equipment

Network Access

Long RF Cables

.
.
.
.

450 (m)

Antennas

Remote Radio
Unit (RRU)
« DAC/ADC
* RF Equipment

/4 Baseband
| Unit(BBU)

Contemporary Base Station
+ Signal Processing

* Network Access

* Fiber Optic Cables

10,0 mW/m?
3,3 mW/m?
1,0 mW/m?
0,3 mW/m?
0,1 mW/m?

* eNB: evolved Node B
* CPRI: Common Public Radio Interface



7|X|=: BBU, RRH

centralized RAN

N (C-RAN)
remote radio head
(RRH)
BBU Hotel
» central office

Core
Network

| baseband unit
(BBU)

Fronthaul lin

BBU Pool s RRU

* BBU: Baseband Unit
* RRH: Remote Radio Head

Mobile Switching Center

(MmsC)
Core Network Core Network
Core
functions
may be co-
located with
Cloud RAN
Backhaul — -
Baseband _
Units
Fronthaul Fronthaul

C-RAN with Network
Functions Virtualization (NFV)

Centralized RAN (C-RAN)
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Backbone Network

. NT10G2

@ AT252
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Call Processing Definition

;4 I— N

. SCC anchors

>

BTS BSC ;
NodeB RNC ok ,~~" the call upon
s D P . establishment
. ' '
i Secs
! I H B
A HE
During call the UE LS =y
sends measurements | A ! B A ................
on neighbor cells (LTE, |
UMTS and GSM) to | CSCF
eNodeB &

=
m

S&P

----- Signaling
= Voice media

Service Network
Intemet

vIMS1-2
-CSCF

S-CSCF

MGCF

VoLTE call External call
Access to service network / Internet



ISO, OSI 7 Layers

7 Application Layer

v Message format, Human-Machine Interfaces

6 Presentation Layer
v Coding into 1s and Os; encryption, compression

5 Session Layer
v Authentication, permissions, session restoration

a Transport Layer
v End-to-end error control

3 Network Layer
v Network addressing; routing or switching

2 Data Link Layer

v Error detection, flow control on physical link

i Physical Layer

v Bit stream: physical medium, method of representing bits

<«<— TRANSPORT SERVICE —> |<«— UPPER LAYERS —

Transmiiing Receiving From data link layer To data link layer
Application Application . : g
software software |-| ! i " :
Data ‘:l:::l 7 Application 7 V |_| !
Header 6 Presentation 6 P?::;f,a] i i Physical
} ] ! layer
10101000000010 10101000000010 ;
5 Session 5
I:I:*l 4 Tronsport 4
= [ N 8
0 b - B e o
I I ! I 1 Physiccll 1 I *

| |
il | j (Zammision meim

Physical link




TCP/IP Model, 3GPP Radio Link Layering

The OSI Model The TCP/IP Model

Layer 7 — Application

Layer 5 — Session

Layer 3 — Network

Layer 1 — Physical

Internet layer

Application layer

Layer 3 Radio Resource Control (RRC)
j;: =S | ,I | = || h Logical channels
- T T T TT1]

Layer 2 f:rlg Medium Access Control
E;"" L[ [ [ ] ] Transport channels
5 HEREE
O -

Layer 1 | Physical layer

* OSl: 19834
* TCP/IP: 19914
* 3GPP: 19994



3GPP Radio Link Layer Definition

Multiplexing of information,
retransmissions, scheduling

Layer 2: radio link control, medium access control

()

Radio interface protocol stack

Common language
for communications

Base station

Radio and core
signaling, user traffic

Multiple access,
duplexing, RF and
baseband processing



End to End Signaling Examples

Mobile device

LD G

Services
network
(e.g. IMS)

Base station

[\

L

Internet

Radio access network (RAN)

User traffic (e.g. video) Application-level signaling (e.g. IMS/SIP signaling) L1/L2 signaling (e.g. channel condition reporting)
User traffic (e.g. voice and SMS) Access stratum L3 signaling (e.g. handover signaling) Non-access stratum signaling (e.g. authentication signaling)



Control Data, User Data

IP Packets NAS P
MNon Access Stratum Internet Protocal
RRC PDUs
RRC \
RRC
ol Radio Resources Control
con
PDCP |
PDCP
I Radio Bearers Packet Data Convergence Protocol
control |
> RLC L2283 BRLC
Radio Link Control
1 Logical i::hannels
control MAC I
Confi fi
MAC & prauranon Medium Access Control
I Tlanspcu!f' channels
control EUTRAN
PHY related [ Physical Layer (L) ]
protocols

Physical I(:han nels
]

« Control Data: H|0{£l =, Signaling
» User Data: IP H|O|H

HEtA SUBOA M2|gyat 227



Control Plane, User Plane

\

NAS
RRC

)
»

User Plane. Control Plane

PDCP

[

v
RLC
v
MAC Layer
v

)
|
Y

[ Physicéi Layer

- ——————  — ]

Application

© UserPlane
I
Data
Bearer(s)
£

Protocol
Signalling
Bearer(s)

£
v

llllllllllllllllllllll

llllllllllllllllllllll

IIIIIIIIIIIIIIIIIIIIII

-

S ——————

{smsmmmmm)  Control Plan

4smmmmmm) User Plan

S6a

|

-
Isn
Ny

S1-MME

eNodB

()
LTE-Uu é
UE

S1-



Control Plane, User Plane &%t

User Plane Control Plane

(IP user data)

Compression Compression
PDCP Integrity Integrity
Ciphering Ciphering
Radio Bearers
RLC
Logical Channels
MAC HARQ HARQ
Transport Channelg
PHY Channel Channel ‘ Channel ‘ Channel
Coding Coding Coding Coding
v Physical Channels v v

Chr S/ St S A



Control Data, User DataQ| Logical S4IME

m Control plane flow
\\ User plane flow

3 Centralized unit

”~

Local
application

fHY LTE Pi; NR

‘Q/IeNB(LTE) AN SgﬁB(NR) J Distributed unit

Q %lce

Figure 3. Protocol deployment in a local application scenario.

o o

'-
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USIM, B QX Z|

Mini SIM Micro SIM Nano SIM eSIM (MFF2)

25 x 15 x 0.76mm) (15x12x0.76mm) (12.3x88x067mm) (6x5x0.9mm)

(U)SAT

Phonebook

uUICC

a technology agnostic platform

UE NWW
< RRC Setup »
€ >
< Authentication >
€ >
< MNAS Security =
€ >
UE Capability Enquiry
€
UE Capability Information i
< RRC Security >
€ |
RRC Conrnection Reconfiguration .."
€

RRC Connection Reconfiguration Complete

UE informs whether it support carrier
aggregation capability or not. And report its
detaied capability about carrier aggregation

Metwork may configure carrier aggregation
fora specific UE based on UE capability




Overall Call Processing

Cell search and network acquisition

Random access

Dedicated radio connection setup and

device to core network communications

Data transfer (downlink, uplink)

Handover

1 Downlink synchronization
1 Suitable cell selection

1 Uplink synchronization

1 Device to radio access
network communications

1 Authentication
1 Security
1 IP address allocation

1 Base station scheduler

1 Device measurements
1 Base station decisions



Cell Search, Random Access

1 Device configuration
1 Last successful cell search

1 Synchronization signals (primary, secondary)
1 Pilot channel

1 Master information block
1 System/network 1D
1 Common channel configuration

: Base station
1. Random access sequence (( O ))

3a. Random access response 2. Monitoring
or of the random
3b. Random access sequence (higher transmit power) access channel




Random AccessO|A] Collision ttAH

UE

eMB

RACH Procedure

System Information Block (SIB)

i

PRACH Preamble

Msgl

Random Access Response

Msg2

Contention Request

Msg3

Contention Resolution

Msgd

eNodeB

Tagged Preamble Transmission
(on PRACH)

Random A€@kss R

(o

)

nse (RAR)

%Collision Detection
& Load Monitoring

Collision Notification




NAS Message Processing

Registration

Mutual authentication

Security activation

Session setup and IP
address allocation

1 UE to core network connectivity

1 Authentication of the network
1 Authentication of the device

1 Encryption
1 Integrity protection

1 Device-network edge links
1 IPv4d and/or IPvb

* NAS: Non-Access Stratum



Packet Data Transfer

Downlink Data Transfer |
1. Configuration for downlink measurements ( O )) 4. Scheduling

(7 ) algorithm
2. Reference signal
3. DL channel conditions (CQI, PMI, Rl)
5. DL resource allocation and packet transmission

6. Positive/negative acknowledgement
1. New transmission or retransmission

Uplink Data Transfer

1 Scheduli n 2. andb.
. Scheduling reques ((O)) Scheduling

3. Uplink grant (few resources) algorithm
4. Buffer status report
6. Uplink grant (more resources

/. Uplink data transmission
8. Positive/negative acknowledgement
9. New transmission or retransmission




Handover

Cell 2

b,

ce7 )—— cell3

/ \

/[ \
{ Cell1 ——
\ /

. /
Cell6 )——( Cell4

/ \

/ \
Cell5

-2
A 2|

HO Request

Target Cell

HO Response

UE Serving Cell
Measurement Report
>
HO Command (
%€

HO Confirm




Handover Steps

Source
. O )
1. Measurement configuration ((( ) ) base station

Mobility 2. Measurement report

1. Handover command _
3. Handover

algorithm execution

4. Handover 6. Handover
request accept/reject

Target
(((O))) base station

5. Evaluation of
handover request



Power Control

COMMUNICATION
DISTANCE Vs. POWER

INCREASING POWER




Exiract Cell Search
System Power on
Configuration Procedure

Decode PSS and SSS to synchronize
in time and frequency.

Idle state

Random Connected
Access state

System configuration

—> - Decode Master Information Block (MIB) from PBCH
- Decode System Information Blocks (SIBs) from PDSCH



UE State Diagram, DRX Cycle

RRCIDLE RRC CONNECTED
t — — > data tansfer
’ E >[ Active ] — timeout
e i $--.‘. .......
3 i shorDRx ]
3 i L[
S ! dormant ki ]
[ oE e
ON Duration

DRX Cycle i DRX Cycle

* UE: User Equipment
* DRX: Discontinuous Reception



LTE s X 2| o

“ue

REGISTRATION
Signaling

Initial UEMessage, Attach Request

Authentication Request
Authentication Response

Security Mode Command

&

Security Mode Complete

————————————
.
v

Security Procedure

i Connection Reconfiguration Attach Complete

Attach Accept

- ——
.

->

UE Context Release Command

<

Signal Release

UE Context Release Complete

Connection Release

i
o
|
I
I
I
I
|
I
I
|
I
I
I
I
I
I
|
I
|
I
I
I
I
|
I
|
I
I
I
I
I
I
|
I
|
I



Voice Data, Packet(Datagram) Data &%

Voice Data
Steady flow of packets

3

Packet Data : Time

4

Same stream of packets after congestion
or improper queueing

No Jitter

litter
4 X Y 4 o
S = =




VoLTE, SRVCC

404 Not Found 100 Trying

INVITE

VoLTE SIP Methods
and Response Codes

Simplified VoLTE SRVCC Architecture

before
UE handover

Sv

after
handover

IMS — IP Multimedia Subsystem

MME — Mobility Management Entity

MSC Server — Mobile Switching Centre Server

E-UTRAN — Evolved Universal Terrestrial Radio Access Network
GERAN — GSM/EDGE Radio Access Network

UTRAN — Universal Terrestrial Radio Access Network

UE — User Equipment

* SRVCC: Single Radio-Voice Call Continuity
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i

Low device cost:

under USD 5 per module

((‘ )

Extended coverage:
20dB better than GPRS

(11N

Long battery life:

more than 10 years

g‘\@ [ﬁ?@“@“‘

Capacity:

40 devices per household

=

Report uplink latency:
less than 10 seconds

3GPP Release 13 Narrowband loT

High Density

* 10s k devices/cell

* Data rates of 10s
of kbps

* Low frequency of

Low Cost

* Modules < $5
* No fancy features

« Reliable, stable

\connections )

8 4

Superior
Battery Life

« Up to 10+ years

* Enhanced sleep
modes

S

Extreme
Coverage

* +20 dB compared
to GPRS

« Areas of difficult
access or remote

Upgrade

* To existing RAN
infrastructure

* Global technology
standard (3GPP)

\_ J

- P




DATA RATE

CELLULAR
COMMUNICATION
SHORT-RANGE A
WIRELESS 5@
COMMUNICATION 4Q
§
= 34
£ Bluetooth g
4.8 i __ @NB-loT
zi ADAa
@ zonae LoRa
NFC)) = :
'sngfox

RANGE



IoTE F4S4l H|1(2)

Range

Power
Consumption

Geographical
Coverage, Penetration

Transmission

Latency * Bandwidth
Number of o
Base Stations Radio Chipset

e
Radio Gosts
Subscription Costs

* LPWAN: Low Power Wide Area Network



LTE-Cat M1, NB-IoT

LTE-M NB-loT

Also known as

Specification
Bandwidth
Max throughput

Network deployment

Frequency deployment

Voice/data support
Range

Maobility/cell reselection
Module size

Power consumption

Voice support
via VolLTE

.

Extended range and
deep penetration
in buildings and basements

eMTC, LTE Cat-M1
Based an LTE
1.08 MHz
teguivalent to an LTE channel)

340 kbps

Relatively easy for operators to
add to existing LTE networks

L TE in-hand
Voice and data
Ip to dx
fes

LTE Cat-NE1
Based on a subset of LTE
180 kHz
ifits into a GSM channel)
30460 kbps

Easier for operators with GSM
networks to incorporate
LTE in-band, LTE guard band
and GSM repurposing
Data only

pto 7x
Limited

Suitahble for wearables

Lip to 10 years of battery lifetime

Low power consumption
with battery life of

5+ years

Full Mobility
and in-vehicle
hand-over

Secure &

Reliable

industry
standards
based

Optimized for low
power consumption

10+ year battery life

Extended long range
coverage and
deep penetration

indoors & underground Integrates into

cellular system
Easy deployment



NB-IoT 119

oz
IE

;

GSM STAND ALONE

AAAAAAAA AADARNRAAAROARAAN

200kHz

GUARD BAND

LTE LTE
200kHz

INBAND

200kHz

NB-loT

iR
13oni (E1PRB) | o /J 1\



LTE Cat-M1, NB-IoT H| &

LTE MBB

LTE Network

AR

LTE Network(NB-IoT) LTE NB-IoT
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Wi-Fi ANT2
ANT1 ANTO MiMO  Wi-Fi/BT/GPS

((( ))) (((T))) Snapdragon System-in-Package (((T))) ((( )))

Cellular Rx/Tx Connectivity

WTR + RFFE Wi-Fi / BT ‘.II
Filters transceivers W
LCD MIPI _—

PAs Stereo/Audio
Duplexers

RF switches

Accelerometer Ambient light
Dual SIM Geomagnetic Haptics

12C/SPlI  Gyro NFC
MSM / Processor Pressure Fingerprint
LED/flash @ — Proximity Ethernet
Charging / Memory T t
Battery — PMIC | (RAM+Flash) B

Buttons S » UART, GPIO, JTAG, 12C
I | | | | |

= 0 Y @& ®

USBHS SDIO Vibrator Touch Dual MIPI Camera

@1}) L

A



rn
ug
N
4o
ol
=2

Mini USB Canista Flash LED
Audio Jack connector * f
X &
. . LTE MIMO Antenna
LTE MIMO Antenna ~~__ / / _ Sl e | Vertical Polarization
Horizontal Polarization . B i | =i
\__ - > Spea.ker
Volume Key
»
Shieldi
Battery Socket\_\ | /4 eamng
GPS - | 1" WiFi T/Rx Antenna
Antenna \_\_ o /
Lithium Batteq;l_“—' 1T | | > SIM Socket
®
PhonePCB "\ 2.45GHz Blutooth
N Antenna
PoSus
Power Amplifier ~_» PA Shielding
Chip
: _» Vibrator
Multiple connections -~
I/O socket - ‘ \
PCS/CDMA  ~— b - Microphone

Antenna



Mobile AP 0f

& B ZEAL st9ilo] 24

855
: D : ’
HI AP B K;n% 980
%| Mo ' o Qualcomm

é?oznic snapdragon

SAMISUNG

Exynos 9, 9820 A12, BIONIC Kirin, 980 Snapdragon, 855

8 Core 6 Core 8 Core 8 Core

2.73 GHz + 2.31 GHz
+1.95 GHz

2.5GHz 2.8GHz 2.4GHz

ARM Mali-G76 MP12  Apple G11P MP4 ARM Mali-G76 MP12  Adreno 640

& 8 Core Dual &t

Sz LPDDR4X Sz LPDDR4X Sxid LPDDR4X Sxd LPDDR4X

Z2{A| S10e, S10,

Iz o
510+, S10 5G OJO|Z Xs, XR, XS Max  3}Jlo] o4 V20 LG V50

* AP: Application Processor



Qualcomm Snapdragon 855

A=

—
2

N

E Qualcomm |

¢ snapdragon | Finger
- ——— Print

78 l'__'"'THT_f s (11

1 | Quick
{PM|C ' Charge




Qualcomm Snapdragon X55

Qualcomm g
snapdragon

Y NIOY
1 | )( )¢

/nm single-chip
5G to 2G modem

mmWave Up to 2.5 Gbps

Sub-6 GHz
Non-standalone FD-MIMO

& C C C
® 6 ® 6
e 6 o

6 6 -
® @ ® @
® 6 @ 6
i .s
® e ® 6
® 6 e 6
r e @

Any
Band

Any
Region



5G EtZr7| - mmWave, MIMO

5G 4G QTM525

mmWave

mmWave Sub-6 GHz antenna module

LTE Cat 22

Rell4 FD-

F
108 o0 MIMO

Non-

Standalone Standalone

5G/4G Spectrum Sharing

Envelope Tracking

Antenna Tuning

Sub-6

(5G, LTE)

Upconversion PA

El
o000

OO00O

ololole)

OO0

OO0
\

Digital
MIMO m
Coding

RF Beamformi
g Antenna/Substrate

o000

El
cooo0

OO00O
OOO0O
OO0O0O
QOO0




Al on Device

A
B AR
A

Server/Cloud
Training
Execution/Inference

Neural Processing Units (NPUs)

ass of proce

g [ |
L] f//,r/////r///ﬁ
Lid

/\

.
#

rs mimicking human pe

| | e

Audio, Video

o [ =

1SPs
CONNECTIVIT | pispiay /LCD
Y

USB, BT and FM

S
\/

Devices

Execution/Inference
Training (emerging)

eption and cognition

Massively parallel,
reprogrammable

Comprehensive tools
PSSR i i Qo e S

Human-like functions
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Aggregation with Unlicensed Spectrum

Aggregation

Primary Carrier Secondary Carrier
Licensed Spectrum Unlicensed Spectrum

Unlicensed

Licensed
anchor
ACOREGATION {__ “_ b
l ﬂ .
LTE-U LAA MuLTEfire™technology
For mokile cperator deployments or mobile operator deployments Brozdens the LTE ecosystem
in USA, Xored, Indis, etc. in Europe, Japan, end Beyond, for new depfoyment oppaortunilies,
Based on 3052 Defined in 3GPP

Rel. 107112 Rel 13 and beyond



MulteFire

T\

MULTEFIRE

Traditional LTE
ecosystem

Broadens the LTE
ecosystem

Operates in unlicensed
and shared spectrum

3.5 GHz (USA) 5 GHz (Global)
£ 2
Shared with incumbents I Unlicensed

“" "” spectrum

(— 299)
Mobile operators in select
regions (e.g, US) Mobile operators worldwide
LTE-U LAA elLAA

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

.
»

MulteFire

Standardized by MulteFire Alliance

New deployment opportunities




CBRS: Shared Spectrum

LLIANCE

§C’:A)

Spectrum
Access
System (SAS)

General
3 Authorized
Access

* CBRS: Citizens Broadband Radio Service



Cellular Broadcast Introduction

Unicast Multicast Broadcast

Multicast Group

MBSFN Area (A) MBSFN Area (B)

'
) AN \
J ,," Rl ', /\_ Same data
S 1 All Synchronized
All Synchronized /'7/ N E%

i
o/ ACellcan belong to multiple 0//
MBSFN Areas
>

eMBMS(ehanced Multimedia

Broadcast Multicast Services)
-HE ME KME AL

MBSFN(MBMS Single Frequency
Network)
7l €8

LTEO| eMBMSZ} MO oL}
MEE= A& BHAl 5

3GPP Release 150 A&
fo_TTOE“”ﬂHﬁ
QX| 2. Release 160 H9|

0:" X~



eMBMS Network Architecture

Works with eNB in
radio-related tasks necessary
for MBMS service .

Interacts with the contents
provider and controls the
eMBMS service overall

Content
Provider

In charge of distributing  [,..ee.. SR,
the traffic to eNBs and

coordinating MBMS session
control signalling

mmssm Existing LTE elements mmmm cMBMS elements mmmm External element mmmm Media traffic seee Signalling

« BM-SC(Broadcast Multicast Service Centre): eMBMS O Al MH|A 2|, HtE &= &
« MBMS-GW: BM-SC ZAHIZXE LTE/NR o2 MEf
« MCE: Multicell Coordination Entity: LTE 2M T2 EZ 0| eMBMS ®E F7}



A&, Eco System
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7} X}t4=, Penetration Rate

Mobile subscriptions by technology (billion)

18
8.8 W sG
. billion Ml LTE (4G)
79 B WCDMA/HSPA (3G)
. billion [l GSM/EDGE-only (2G)
B TO-SCDMA (3G)
. I COMA-only (2G/3G)
M Other
&
5
4
3
2
1 Note: IoT connections and
FWA subscriptions are not
) included in this graph

2014 2e15 2016 2017 2018 2819 2820 2021 2822 2023 20824

Subscription penetration Q1 2019 (percent of population)

We%tgmzﬂﬁpe ,
141%

Central and
Eastern Europe

MNorth America 1 14%

China

81%

Africa

102%

Latin
America



Mobile Traffic 0| =

Mobile data traffic by application category per month (percent)

B video pudio [l Web browsing [l Social networking [l Software download and update [l Other segments [l P2P file sharing

2018 2024
28EB 131EB
per month per month

Traffic from embedded video in web browsing and social media is included in the application category “Video”
?Ericsson Consumerlab, 56 consumer potential study (May 2819)

Main drivers for video traffic growth

- Video part of most online content
(news, ads, social media, etc.)

— Growth of VoD services

- Video streaming services

— Changing user behavior — video
being consumed anywhere, any time

— Increased segment penetration,
not just early adopters

— Evolving devices with larger screens
and higher resolutions

— Increased network performance
through evolved 4G deployments

— Emerging immersive media
formats and applications
(HD/UHD, 36@-degree video, AR, VR)

Global mobile data traffic (EB per month)

146

1lea

B@

40

2G/3G/4G

28

2014 2016 2018 2020

2022 2024




B 3853 e l§E Dt

00 ‘(,’ ‘F Aen
China CHINA TELECOM
unicompEHKE

amer-ica’ §
movul

WWM @ WS Orange’

Rank Company Total subscribers (in millions)
1 China Mobile 851.2
2 Vodafone 469.7
3 Airtel 3481
e América Mavil 2806
5 Telefénica 2765
51 China Unicom 265.1
7 MTN Group 2347
a China Telecom 216.8
9 Telenor 214.0

10 VimpelCom 2055
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5G 7| =’82| HiFE(1)

Global mobile data traffic

(exabytes per month)
X 128
u igf;éjztgm'c Mobile data traffic by application category per month (percent)
data traffic
188
a8 —
In 2023, video will
account for around
&0 - 73% of mobile

data traffic

48 /

20 — —
4 20817 2023
y - 15 exabytes 197 exabytes
' per month per month
a

2013 2018 2023

M Video
Audio
Il Web browsing
[ Social networking
M Software download and update
[ Other segments
W F2P file sharing
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A\

\
Where we are

~oHfe EfEo| 2
FIIZ IoT, ZXMX|H MH|A L= F7}

Where We\wlil § 5T AN

5G Takes Over
User Demand
PB LTE Capacity l
70 8X
60
50
40
30
- —//
10 1X =
0
2018 2019 2020 2021 2022 2023
5G Start 5G>4G
« 5G 7|=2 OISt =l HlE 2 &55t= ZHtY EEHE. !

=010 202240 4GY 2| otA| =1t

2013|2014 | 2015 [ 2016 ] 2017 [ 2018 |

5G Research / 5G Standard /

4+ Wrcs 4 Workshop

:k N\,
l‘ { N Pre-standar d esea rch \> Technical requirements and \ Proposal
2 (Vision, tech. trend, spectrum) ) evaluation methodology g submission

m N, Rel13
/(4G Fnh)



3G 4G 5G

384 Kbps 100 Mbps 10 Gbps
(2001) (2009) (2020)




4G = 5G
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e “ Ilte ~ Ite
R8, R9 R10, R11, R12 R13, R14 R15

The New
Mercedes-Maybach S 600 Pullman




= BFE2 L3
=712 7|ge|
0| A&

= ZLHOf| 27| =5t SHA|FA
U 5G 7|1t Mu| Az
MIA AlE 1



0|23} S| 56 2%

Who’s Leading the
Race to 5G?

1st
China
4" 2"
Japan South Korea

l& iiQ‘

clicr



7l ME E7=(2018)

2GI/3G/LTE mobile infrastructure market share 2018

u Huawei

Source: IHS Markit

u Ericsson

m Nokia

nZTE

m Samsung m Other

© 2019 IHS Markit

2Q18 Smartphone Market Share

/Samsung 19.3%

Others 39%._

OPPO 7.6%

Source: Gartner (August 2018)
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China leads in 5g patent filings @ Alphastreet
India: 2% Others: 6%
Japan: 3%
Europe: 6% \\
China: 32%
Korea: 12% 3 I l
US: 17%
WIPO: 22%

Who Is Leading The Race To Develop 5G?

Number of 5G standard technical contributions by company worldwide

Huawei Technologies il

11,423
10,351

Ericsson gam
Hisilicon N |, 7 >/:
Nokia +— [N ¢ :7:
Quatcovm = N <03
samsung Electronic o: [ NN - o::
zrecn) B D : ¢
Intel (US) 2= NG : 502
LG Electronics (KR) o: |GG 2000
catT(cN) i D 2316
NTTDocomo op) o N 2.135
MediaTek (Tw) Bl N 1.482
NEcor) o [ 1346

As of December 2018
g?agcgj)m Source: IPlytics statista 5
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Global 5G Value Chaln Output and Employment, 2035

Data; IHS Markit, Qualcomm ic: Tel

China

Gross Output: $984bn
Employment: 9.5m

Germany
[

Gross Output: $202bn
Employment: 1.2m

France I |

Gross Output: $85bn
Employment: 0.4m

United
States

Gross Output: $719bn
Employment: 3.4m

Global total in 2035

Gross Output: $3.5 trillion
Employment: 22 million

UK N\ L7
Z1 S

Gross Output: $76bn
Employment: 0.6m

Gross Output: $492bn
Employment: 2.1m

South R7"Q\
Korea \\‘

,,'Il

Gross Output: $120bn
Employment: 0.9m

Rest of
the World

Gross Output: $800bn
Employment: 3.6m




Digital Transformation, Industry 4.0

Empowered
employees

Engaged
Dlgltal customers
Transformation

Transformed
products

Optimized
operations

(Yo [VES { VA M(0)
Industry 3.0

* Cyber Physical
Systems

» Internet of things

* Networks

Industry 2.0

* Automation
* Computers and
electronics

Industry 1.0

* Mass production
* Assembly line

* Mechanization » Electrical energy

* Steam power
« Weaving loom

1784 1870 1969 Today
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Digitalization revenues for
ICT players 5G enabled revenues

UsDbn, 2626

47%

I Digitalisation revenues for ICT players "7 5G enabled digitalization revenues
I 5G enabled digitalization revenues 5G operator addressable revenues

2018-B6-26 | 5G Business Potential from Industry Digitalization - ITU-D | Commercial in confidence | Page 5

Operator addressable
revenues

Source: Ericssonand Arthur D. Little
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Mobile subscriptions by technology (billion)

10 g9 MG
. billion M LTE (4G)
8 B WCDMA/HSPA (3G)

. billion B GSM/EDGE-only (2G)
B TD-SCDMA (3G)

; B CDMA-only (2G/36G)
B Other

6

5

4

3

2

1

) Note: IoT connections and FWA subscriptions

2014 2015 2816 2017 2018 @ 2019 2020 2021 2022 2023 2024  arenotincludedinthisgraph

© 5GE= 2022 FE 2A%E|0] 2024 0|2 55E A2E Of
- MM A AFAXHE 3GD4G ZUSHZECHA4GDS5G H =7} b
* Olfe ZHE EdiE 535, MAANSRE 8d uet
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Global 5G Adoption to Take Off in 2021

Forecast of 5G smartphone subscriptions by region

I Asia-Pacific [} North America [} Europe
B Latin America [} Middle East & Africa

2,000m
1,793m
1,500m
1,000m
627m
500m
220m
11 72m
m mm——

2019 2020 2021 2022 2023 2024
@ ® @ Forecast as of June 2019 .
@statistaCharts  Source: Ericsson Mobility Report StatISta 5
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Requirements )
<€ Technical Specs
Approval >

G

A GLOBAL INITIATIVE

Industry Technical Candidate Spectrum Commaercial
Requirements Requirements Technologies Alincation Products
"I hy K clay hy 5
k. |

2015 | 2016 2017 | 2018 2019
U Vision v Requirements Vgodcsr?p Proposals § < Speciﬁcmms:
WRC-15 WRC-19 Evalation
Release 14 Release 15 Release 18y
. R 0 ‘V >
3GPP ‘5”?‘;5?”?1‘:;:':“‘ Commercial
Vo " Standardise 5G Technologees Specitication
v v A 4

Events W. Olympics  World Cup S. Olympics
{Korea) (Russia) (Japan)

m » 5G Spectrum at World

Radiocommunication
Conferences (WRC)
2015 and 2019

» Standards Complete
2020

» Commercial scaled
Deployments 2022
onwards
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User experienced
Peak data rate data rate

(Gbit/s) (Mbit/s)

Area traffic

i Spectrum
capacity ec
(Mbit/s/m?) 19 efficiency
100x 500
Network Mobility
energy efficiency (km/h)

106 /\/\1

Connection density Latency
(devices/km?) (ms)

e ITUE IMT-2020(5G) 8 FAIEHE HO|st 3GPPY| MEH2016WH)
- IMT-Advanced(4G) Ci{H| X}0|™ Q|F2 Ho
¢« 5G QFARE 3AA MESLE, [oT, Latency2 7+ &
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Enhanced Mobile Broadband

Gigabytes in a second .

3D Video, UHD Screens

i\ Work and Play in the Cloud

\ Augmented Reality

Smart Home Building

Industry Automation

Voice
/ . Mission critical application
Smart City Future IMT eIf Driving Car

= m

Massive machine type Ultra-reliable and low latency
communications communications
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innovation

The process of translating an idea or
invention into a good or service that
creates value or for which customers will ...

BusinessDictionary
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DELAY

Autonomous
Tms Driving

Disaster

’-

100ms Automotive
eCall .

e Controlling .~
4 td
e ’

y Monitoring -7

Real-Time

10ms . Alert Gaming

-

f
.- Device Remote ,

. Services that can be
Augmented Tactile delivered by legacy
Reality Internet networks

Virtual
Reality

Multi-Person
Video Call

Services that could be
. enabled by 5G

. Fixed
. Nomadic
. On-The-Go

——=. Bi-Directional
' Remote
Controlling

First Responder
Connectivity

’
P

.2~ ") Machine-to-Machine

1,000ms [/ .ﬁi?i%ikax" rorcore! &) @ WirelessCloud PSRNty
/ el Video
' -7 Streaming
oo BANDWIDTH
<1 Mbps 1 Mbps 10 Mbps 100 Mbp  >1Gbps THROUGHPUT

= X2k} AR/VR, Tactile Internet

Nomadic: Connectivity is wireless but not ubiquitous - limited to disjoined hotspots
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Forbidden region:

------------- R e T « ¥ Shannon Limit
Ghys + -
Ultra-broadband: i . -
“\/R/AR" ‘ e - - i @ | Past-Present
. P | =¥ (2G-4G)
H"‘"-_“__ : Sal 'P -
o, Mbis+ = - | “Voice, Data,
E (0 )= - N Video”
1 LY i
£ |y : p 1
LI : -
kb/s + B ' N
H T-ooue Yo
H ‘-1 ‘\. :
-G ey
=l : -~
. - H l - _
Ultra-low latency: ‘ i q 5‘ Ultra-narrowband:
' » |- ““““““ ‘I ............ ‘I ..... ! 1 I H »
System Control 1 10 100 1000 10,000 Things

Number of users

Source: Bell Labs (Adapted from F. Boccardi, T. Marzetta et al, IEEE Comms. Magazine, 201402)
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Connectivity Boost for B2C 5G Infrastructure-as-a-Service Connected Car

Upsell

o NETFLIX. @
@ ‘ Dnn 0 0

«)
((2?) LJFJ ) \\ @

Ly
Transmitter Home
Tower Antenna

19 O " e @

Wireless Wired
Device Computer
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Enhanced mobile broadband 5G-based fixed wireless

* | ast-mile technology for fixed broadband
access

» Gigabytes in a second

* Immersive reality

« 2Sports

* Live in-venue digital entertainment

* Work and play in the cloud

Massive Internet of Things Ultra-reliable, low-latency communications

* Smart homes « Autonomous driving

* Smart cities * Industrial and vehicular automation
« Smart buildings « Robotics

* Multiple vertical industries * Remote surgery

* Wearables * Mission-critical applications
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Extreme
Mobile
Broadband
(eMBB)

Massive

Scale
Communication
(mMMTC)

Ultra-Reliable
Low Latency
Service
(URLLC)

fom

Human to Machine

B o |B

Machine to Machine

Video
Monitoring

fod

Human to Human
Mobile Cloud
Computing

i 1 i
| .

| Video Calling \ : | Fixed

' virtual Meetings | 1 Wireless
' .

o)))

___________

[ wearables | | - i T
. - 2 L] Smart Home / Smart Cities e
: 1| b 1 e =S
I : I ! : r’ _____________________ \1 T T T T a
| | o-0 P : ' industra
| y | = I ) | [ 1 ndustria
i ((( | b v | S £ ' Automation
i - Social : ] o, e i
{ i | Networking | Health Care Monitoring - Infrastructure .

N e v ~_ . _a N o e e e - 1 y

P - an T T T e T mE e J 'y
I/ Public Safety 1 | Remote ' \\, [ 1 0“-@

| I

: = Surgery | | Vehicle ﬁ |1 Vehicle B 1 Q)
1 ! | I 1 : to 1 : to f‘g\‘\ 1 e )
| b , | | Pedestrian & | i Vehicle = |
: | i (vae) x N7 B :
| : ! = 1 '\ )

__________________________

Enhanced MBB

+ 20/10 Gbps DL/UL"

* 4 ms user plane
latency

» 500 km/h mobility

Massive MTC

* 1 million devices / km2

* 10+ years battery life

« 20 dB coverage
enhancement

URLLC

* 1 ms user plane
latency

* Highly secure /
resilient

* 99.99999% availability

* Peak theoretical rate

Source: 5G Americas
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-

Public Safety (blue light):

- Very active in ETSI/3GPP
- Influential in LTE standards

- Active in ETSI/3GPP
- New activity in ISG MBC

Broadcasting/media delivery:

SAIIOD AIBA

---------------------------------------------------------------------------------------------------------------

Rail industry:

-~ -
- Active in ETSI

- Recent contributor to 3GPP

Automotive industry:

- Active in ETSI

- Recent contributor to 3GPP

Education:

=

- Contributions made to 3GPP
via individual members

Aeronautical (drones):

Qny
X

- Peripheral to 3GPP

Health/wellbeing:

- Present in ETSI but low level
of activity/influence

Utilities:

- Institutional relationship
- Low standards influence

Factory automation
(Industry 4.0):

- Institutional relationship
- Low standards influence

Agriculture:

©

Exploration, mining:

N

ALAILOD MO
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Shopping and immersive

Automotive Entertainment ..
communications

01

o -
04
.% L
)
05 O o
26 @ 31 .
17 .

15years 1year 3years | 1-2years dyears | lyear

.
0
(18]
=
w
=
=
n
ol
w
E
=
n
c
o
()

50%
Timeline to go mainstream

Willingness to pay @1 AR windshield @9 VR passenger entertainment | 17 Low latency cloud gaming 25 Connected robot
@2 AR window 10 5G augmented events 18 Gigabytes in seconds 26 Sensor-enhanced
@3 Autonomous cars 11 Arbitrary viewpoint video 195G hot zones entertainment
o —>» 04 See-through cars with 5G 12 4K 360-degree action cam 205G TV 27 Real-time translations
05 5G in-car entertainment 13 AR maps 215G home wireless broadband 28 Virtual tactile shopping
06 VR cinema 14 AR/VR learning 22 Health wearable 29 Drone delivery
Lowest Highest @7 Best seat event experience 15VR cloud gaming 23 Home sensor service 30 3D hologram calling
(47%) (79%) @8 Diorama 16 Multiplayer AR gaming 24 5G early alarm system 31 5G facial recognition payment
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Business AR/MR Remote medical
(operatons and maintenance) Remote control treatment/surgery

Collaborative gaming mobile equipment

d‘l

require

Airborne
taxi

5G strictly

Consumer 3D calls/

Cooperative media production holograms

Fixed wireless Smart farming drones (Al enabled)

access (FWA)

Consumer

AR/MR
Massive media

on the go (ultra-
high definition,
new displays)

Smart =
farming equipment

Highly automated driving (C-V2X)

On-site live
event experience

enabler!

)
c
o
2o
7]
®
o
19

Consumer loT .

Massive media
car infotainment

Alternative
technologies
available

Software updates and feature activation

Use cases to Use cases in prototype Still major R&D

become mainstream or POC stages tobedone

@® Automotive ) Manufacturing ® Media Relative opportunity
Health ® Farming © Smart cities (volume, communication/equipment spend)
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Families

CIGEGENT
access
everywhere

High user
mobility

Massive
Internet of
Things

Extreme real
time
communication

Lifeline
communication

Ultra-reliable
communication

Broadcast like
services

Categories

50+ Mbps everywhere

Ultra low-cost broadband access for low
ARPU areas

Mobile broadband in vehicles

Airplanes connectivity

Massive low-cost/long-range/low-power MTC
Broadband MTC

Ultra low latency

Resilience and traffic surge

Ultra-high reliability & Ultra low latency

Ultra-high availability and reliability

Broadcast like services

Use Cases

= Pervasive video
= Operator cloud services
= Dense urban society

= Smart Office |

= HD video/photo sharing in

stadium/open-air gathering

= 50 Mbps everywhere |

= Ultra-low cost networks |

= High speed train
= Moving Hot Spots
* Remote computing

= 3D Connectivity: Aircrafts I

= Smart wearables (clothes)
= Sensor networks

= Mobile video surveilance I

= Tactile internet |

* Natural disaster |

= Automatic traffic control/driving

= Collaborative robots

= Remote object manipulation -
Remote surgery

* eHealth: Extreme Life Critical
* Public safety
= 3D Connectivity: Drones

* News and information
= Broadcast like services: Local,

Regional, National
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Mission! Critical Service Fixed Broadband

- Full reliability & high availability _ _ g ! s I\N/li)i:i_-%e;esrat:ank l:}:c;ngznits
- Real-time responsiveness < H ps p ghp

" - Alternative to costly fibre
- On-the-fly coverage scalability - New VAS possibilities for
for disaster situations

fresh revenue generation
Q
“AutonomousXdriving

'

- °
Mobile Broadband

- Multi-Gbps peak throughputs

- Universal gigabit connectivity

- Unparalleled mobility support

- New service / application enablement
- Advanced big data analytics

- Connectivity for a new wave of device types
- High density deployments
- Networks-as-a-Service to meet
each service provider's needs
- Robust QoE / QoS management
- New revenue opportunities



5G Vertical Services

# ) Entertainment 5 G
Apps beyond
imagination

=/

= eHealth 4.

Yy Traffic
i Eeey Connected

house
@
( Domotics
& ’ﬂa

Car

e
e
Car-|
communication —
Smart
Water leakages wearables Water quality
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Operator opportunity 2026

Smart Sumeiléonce

. Autonomous Robotics
. Remote operations
d Augmented reality

Enhanced video services

Real-time Automation

aintenance sensing

Connected vehicle

Monitoring and tracking

Low <— Go to market challenge — High

Easy todeploy < Deployment challenges > Difficult to deploy
Source: Ericsson and Arthur D Little
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Sources of new operator revenues for 5G

b3% 20% 3%

Enterprises (e.g. B2B, B2B2C)

23 3%

Consumers (e.g. B2C)

11 1 40%

Online (e.g. A2P)

14% 26% 40%

Governments (e.g. B2G, B2G2C)

Most important 2 3 Least important

Question: Where will new operator revenues in 5G come from? %HI GSMA

[ 2 5G AU Xt= B2B A0 &= o H

- B2C A[E 2 LTEELCH O 2 AH[A JHHO0| 02

- 5G-Z SBA(Service Based Architecture) 2 7j&tst0| ZcH
2t M 5G= IoTeF URLLCE 283510 4l MH|AZF JlEhE of 7
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Figure 1: Which of the following best describes your company's 5G strategy?

Evolutionary - an innovative complement
to our 4G LTE deployment

Disruptive & innovative -= we're building
a new service-centric network

Evolutionary to start, but guickly
becoming disruptive

Our strategy is not well developed -
we are working on it

Compartmentalized: some evolutionary
aspects and some disruptive offerings

5G is not relevant to our business

5.7%

37.9%

20.7%

16.1%

11.5%

8.0%

Source: Heavy Reading 5G Survey (n=79)

Consistent high speed

New opplication and services

Trusted network
(protection from attacks)

Discounted 5G devices e.g. VR heodsets, AR glosses

Sharing of 5G doto between devices and users

Higher volume of mabile data

Service-based pricing with gquaranteed speed tier

No binding contracts

49%

41n 10

New applications and services are
expected as an important part of the
5G plan by 4 in 1@ smartphone users
who are willing to pay a significant
premium for 5G.

=X : Ericsson
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Figure 6: 5G-enabled industry digitalization revenues for ICT players, 2026 | (P

&

@ Energy and utilities

Manufacturing

@ Public safety
[©]

Healthcare

¥ \We estimate that
5G-enabled industry
digitalization revenues
B for ICT players will be
USD 1.3 trillion
in 2026.

-----

Media and entertainment

&> Automotive

@ Financial services
. Retail

Qs S
@‘) Agriculture

Source: Ericsson and Arthur D. Little, The 5G
Business Potential: Second Edition, October 2017

* 5G ALY A= mMTCRF URLLCE 7|8FS 2 Industry 20| M AtE = =2 =
« Of==4%!: Energy, Utilities > Manufacturing > Public Safety > Healthcare &
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WHERE THE WIRELESS
THINGS ARE AND WHY

40.2 % Business and Manufacturing
Real-time analytics of supply chains and

equipment, robotic machinery. \_/
30.3 % Healthcare Portable

health monitoring, electronic recordkeeping,
pharmaceutical safeguards.

8.3 % Retail Inventory tracking
smartphone purchasing, anonymous analytics
of consumer choices.

7.7 % Security Biometrics and facial recognition locks,
remote sensors.
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Connected devices (billions)

30

15 28 CAGR
olllIlelg}  2015-2021

L] billion
Cellular loT 0.4 1.5 27%
Non-cellular loT : 14.2 22%
I

25

20

15

PC/laptop/tablet : 1.8 1%

10
Mobile phones 7 8.6 3%

Fixed phones 1.3 1.4 0%

2014 2015 2016 2017 2018 2019 2020 2021 2015 2021

+ Connected(zt4 ©IE|HI0| @7) DeviceOfA| IoTE X|%H ol 4T0| 0=
- Mobile Phone& ™MAH|=l A=t CHEE Connected Device= IoT

« Wide Area [oT2| /4%+0| Short Range [oTE L} W&
- Wide Area IoT: M E2Z}, LPWAE 2t&5t= HiAl
- Short Range IoT: &2 Bluetooth, WiFiE& &&3|= g4l
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Global Cellular Devices Installed Base

M Cellular Handsets mCellular loT

3G Evolution 4G 4G Evolution 5G NSA 5G SA 5G Evolution
& L 00 00 e L 4 2 . ]
10000 oMBB B
mMTC >
uRLLC »

7500
5G Breakout

5G Commercialization

4G Breakout
4G Commercialization

5000

Parsonal Society & Business

Transformation

Installed Base Devices (Millions of Units)

2500 Transformation

Qe = ————————— -
4._____.______--__________________
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Timeframe for
Deployment

Service Details

Spectrum

verizon’

- Plan to rollout to 30 cities by the
end of 2019; launched
Minneapolis, Chicago in April 19

- Has not announced time frame
for nationwide rollout

- 5§10 per month for unlimited
data in select markets

- Hardware: Mod accessory turns
Moto Z3 into a 5G compatible
phone

- 28 GHz band - utilize licenses
acquired in XO/Straight Path
acquisitions

<,
—r

-Launched 5G in portions of 19
cities most recently Austin, LA,
Nashville, Orlando, San Diego,
San Fran, and San Jose in April 19

- Nationwide rollout by early
2020

-Netgear Nighthawk 5G mobile
WiFi hotspot is only AT&T 5G
device available today

- Samsung's new Galaxy S10 5G
will be available in Spring

-Multiple Bands: sub-6 Ghz range
from 700 MHz up to 2300 MHz or
2.3 GHz; eventually may utitlize
CBRS at 3.5 GHz

-Announced New York, LA, Dallas
and Las Vegas will be among first
four cities for 5G launch. Soft
launch planned for 1st half of
2019 with broader launch later in
2019

- Samsung's new Galaxy S10 5G
will be available in Spring 2019

- Additional devices that support
T-Mo's low band 600 MHz
spectrum will be available later in
2019

- Primary: Plans to use 600 MHz
for nationwide coverage

- 28GHz and 39GHz spectrum in
urban areas

Sprint

-Plans to launch 5G services in
May to Atlanta, Chicago, Dallas,
and Kansas City followed by
Houston, Los Angeles, New York,
Phoenix, and Washington, DC

-Company tests have indicated
speeds 10x current LTE speeds
(up to 430 Mbps)

- Service will be rolled out out on
LG's new V50 ThinQ 5G

-Mid-band 2.5 GHz EBS and BRS
spectrum. T-Mobile also looks to
leverage this spectrum for 5G as
part of the Sprint-TMO merger




Verizon, B2C/B2B Services

Real Time New Gen High Definition
Cloud Gaming User Generated Content Video Streaming

6P Healthcare & Smart Retail = Transportation i@ Manufacturing
. :

L

Multi-Access Augmented & Massive Operational
Edge Compute Virtual Reality Sensorization Insights & Analytics

Change how Accelerate the pace of Deepen our enterprise
industry works digital innovation relationships




Verizon, 5G Home(FWA)

How 5G
Home
works.

Easy to use Wi-Figets aboost
with totally new technology.

Learn more

Internet

Wireless Node

A cell site in your neighborhood
creates a 5G signal, whichis
transmitted wirelessly to your
home.

Receiver

Thisreceives the 5G signal, and
relays it to a router inside your
home. It's usually placed onor
near awindow.

Router

This creates a Wi-Finetwork
from the 5G signal. It's
powered by 5G wirelessly,
instead of with cables. If
needed, we'll add free Wi-Fi
extenders for extra coverage.

| Fiber

CPE

* FWA: Fixed Wireless Access



Bringing 5G-Enabled
Robots to Retail

By 2022, we estimate video might
make up more than 75% of AT&T’s
mobile traffic. Adoption of Ultra High
Definition (UHD) 4K video,
autonomous vehicles, drones, mobile
gaming, virtual reality (VR) and
augmented reality (AR), will all drive
future video traffic.




Vodafone, 5G Haptic Tackle

5G Haptic Tackle

Coventry London
Ricoh Stadium Sky Garden

)
@)

ntaining a

o vodafone




Vodafone/LG U+, 5G Cloud Gaming

Gaming on the go?
No problem
#5Gamechanger

H=0001=0IL6 SSHA AN
S6=EISEVRHIZINI P ISR

NG i —



Vodafone, Smart Traffic

C-V2X - Use Case “Smart Traffic Jam Warning”




Vodafone - NTT, URLLC

olo
oo

Intercarrier N/W Slice

Usage (data, voice, video)

* URLLC: Ultra Reliable Low Latency Communication
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Wired network ((E)) \SG D

Terminal

e T ; : High-definition
. High-definition  Display E video conference

videtzo conference : n : system w :
. system Remote diagnosis 5 5
O based on real time O . N
: M communication M ?;?‘:‘(;?aef'”'t'on

Medical specialist Doctor Patient

Wakayama Medical University Hidakagawa Kokuho Kawakami Clinic




NTT docomo, AA|7F 22X 0]

‘Conducted at the DOCOMO R&D Center)
5G base station

Master
Maneuvering
System

—
—

- ——
~

~

@

—

Delay-adding
apparatus

= N

~

5G ¢
terminal

b

T-HR3

b

Communication delays (excluding 5G) added to simulate the delays

occurring between Oshiage and Odaiba

Optical network
(dedicated line)

Oshiage

Straight-line distance: approx. 10 kilometers ?
> ¢ ?

L

Odaiba




KDDI, Drone 4K Video

About 150m above the ground
A~ O 1 o
——— S
7’/ 4K
« ~ Camera

I
| I
{ |
|
|

y

5G Tablet

S o

5G (28GHz Band)

\ 4K Movie
SN\ == > :
@ o g
[» —
5G 5G

Destination PC

Baseband Unit Core Unit



LG U+/KDDI, Remote Control

s

s$$

Germany

Overhead camera

Dump
sand

5G device e

((

V7>
_\v@_ Remote Control System

200ms South Korea

Transmit images from 8 cameras
installed on construction machines

Remote control room

Transmit images from 4 overhead

cameras
56 ﬂ I

communications

5G base station

Wireless Entrance

R

Transmit control signals
from the remote control room




Rakuten, mmWave =&

Rakuten Seimei

Park Miyagi
5G Radio Unit
Remote Monltorlng of
| | Delivery Robot
T
| A e —
==

L/ \
Baseband & Core Unit g
C e

8K VR Streaming

Drone ID Verification



(1) Inter-vehicle communication (V2N2V, i.e. via Base Station)
(Uplink/Downlink)

(3) Vehicle to network communication (V2N]
(Uplink/Down'ink)

Longer Transmission latency

(2) Vehicle to vehicle direct communication (V2V Direct) (Side Link)

Affected by screening objects (issues with relability)
Low latency




KT, Skyship

AFI0[A] SHE 2 |
AB0M TS| ADIEE 41 ASE FOpH
LA} GIO[E{2f LS ZHAL O F & 7HIEESE

QIR £ U= SR 1S BIRHCE

AV NS SN . a
e Eskyship =
L J 1 -

?

kit GiGAeyes
LA AFL0[2]ofl EITHEH ACE
A710|&0] ZHALS| CHEFXQ

§ /f/ o o118 Tjorolet KLIXte) st

“s "‘““..@3’ @ FIXIE LOIH7| PloH ESBICL

4

— ..

- - B
g T D
3km Skm 300km
AFJ0LIDE AFIOIN EE, ATFOIIO| ELIRIE 2zit &
ATIOK 2RS SEBAEE AR 2P| 0f242 HA0IN

0|58 SEEHHIEICE TSEX S8 TEICE Xi2: KT






5G H|O|E] S&

Real-world Download Speed Experience by type of smartphone user

5G smartphone users 111.8

4G flagship smartphone 75.8 +48%
users '
Other smartphone users

OPENS?GNAL 0 20 40 60 80 100 120 140

Average speed experienced (Mbps)

Data collection period April 1 - June 12, 2019. Geography: South Korean cities where 5G has launched.



Ojc|of A{H|A eMBB

Remote Presence Platform

Live Video

Contextual AR Platform

~ Surface Computing

5G

Super Multi View

* eMBB: enhanced Mobile Broadband



Wide View, Multi-View eMBB
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KT, FITT 360 eMBB

M7 %1% 360 0218 FHoll2}

4K UHD

Qualcomm




5G Cloud Gaming

) R S,
L
‘ MJ Internet
eNB/gNB

MEC

* MEC enables VR videos/games to be rendered and processed nearby.
* Massive datais no longer sent to the VR video/game center.
This reduces latency and improve user experience. VR cloud game

Fig. 1. Architecture of MEC-based cloud VR game.

* MEC: Mobile Edge Computing



Cloud Gaming Market




AR/VR/MR/XR eMBB+URLLC

More real

The Virtuality Continuum

Umbrella category thot
covers VR, AR and MR

[ Foor CACER VR
‘MR

Reol and the virtuol world

IMMERSIVE REALITIES ?,

VR, AR, MR, 360° Video e |
L

Virtual Reality (VR) Augmented Reality (AR) Mixed Reality (MR) 360° Video
, Augmented Virtual
Reality Reality Reality

Real world

Computer-generated



AR/VR/MR/XR

eMBB+URLLC

VIRTUAL REALITY (VR] AUGMENTED REALITY (AR]

Completely digital environment Real world with digital
information overlay

Real world remains central

MERGED REALITY (MR)

Real and the virtual are intertwined

G—
b

.

Interaction with and manipulation
of both the physical and
virtual environment.

— O -

Fully enclosed, synthetic experience to the experience, enhanced by
with no sense of the real world. virtual details.
© VROA[ORZ} 2H| E C|HIO|AS ARESIO] BREHOA dd5 = 7tdetE T
= £ 10, dAAZB AT} InteractionE Q1S

7tsotal, 3Rt ela st =2l V¥ E

AR: o1& 0[0|X|Qt 7} O|O|X| S 2ot HA|

S A2 (Interaction) O]

- AR 7|5 H&& 9¢t CIHO| A= Smartphone, Tablet, Smart Glass 0|
Qo H, Mobile ARZ SmartphoneO|L} TabletZ2 0|23l AR MH|AE

HSotes S

« MR EtMo =2 FiH2t7t B =l AJOF7F 2 =l VR EIHPOI*W AHE |,
C|HFO|A MIAE 0] 83510 &2 0|23t Gesture Control 52 &5t0

SA T 7hA A EZE A InteractionO] 7Hs o Hh

AR VR, MR, XR2 7}4t5t 40| X| Ot AFRXIE &
bt = A St= Immersive Experience'E NS

122 BNE =7A SO AM



AR/VR A| %t eMBB+URLLC

AR/VR Platform Revenue

2017 2018 2019 2020 2021 2022

m Mobile AR  mSmartglasses  mPremium/standalone VR mMobile/standalone VR



AR/VR Platform 0f|(1) eMBB+URLLC

Vuforia Engine

Objects Environments

o] T e =1 =1 T T
8% (N I_@_I I_@_I I_Qa_l Lot % ’<8>‘

Vuforia Fusion

SLAM VIO Platform Enablers
Simultaneous Localization & Mapping Visual-inertial Odometry Plafform AR Technology

Windows

ARCore




AR/VR Platform 0§|(2) eMBB+URLLC

Real World Augmented World
AR Services
Advertise Education Tourism Publishing
@ ) i
@ (&) : Augmented Reality Browser (Device) Various Content
Vision Location Types Support
AR Browser Engine Tracking Engine Device based Authoring Tool
B 8 %
S
AR Service Server 0 30 &
AR Browser Engine H Tracking Engine Device based Authoring Tool YoulTD
. J

SKT Augmented Reality Platform




VIOE £|et Motion Tracking 0f eMBB+URLLC

\D Gyroscope
yaw (‘"
< | pitch 5

rotational — / — rotation angle
- VY velocity
' Accelerometer

acceleration —- / — velocity — / —- position

ey
LK

—— o o = o =y,

| 2 MM (RAHEE)

N o o —— o =
xto|2
MM 2L




AR/VR/MR/XR =47} X|& eMBB+URLLC
1 N +
f W E —
L 4
Motion to 3DoF and 6DoF Power
Photon Latency Accuracy

—
A‘ ®
VR Ul & App BT/WLAN
Launcher Latency Throughput

< AR/VR/MRQ| CHE XN 2l 9587} X[ & >

B

« Video Processing(0|, 1080p 30frame/second
« Display 2t&
- Display Resolution
- Display Size
- Refresh Rate(0]|, 90Hz
« FOV(Field of View)
* DoF(Degree of Feedom)
« Motion to Photon Latency
« Power Consumption(Battery Life)

- F, AEY EHiE(ES) S



Motion to Photon eMBB+URLLC

Motion Visual

detection processing Display

. Motion-to-photon latency i
Motion Photon

3
"Motion"‘ “Photon”

(new pixels’ lightemitted from the screen)

Motion detection

« Sensor sampling
* Sensor fusion

i/
‘tj .

Visual processing

‘\ ’
T

w{g\"‘} .
W 2
A\

* View generation
* Render/decode

+ Image correction
 Quality enhancement and display

Figure 10: The motion to photon path includes many tasks.



FWA: Fixed Wireless Access eMBB

///\\\
((‘ 1 ’)) %
// User 7Y
B Devices \
/ e
wacee LSl
Figure 7: 5G-Based FWA Application Scenarios
Source: SNS Research
Introducing .
- Introducing
Verizon5GHome |, Befree. Nokia FastMile
Gateways

—




FWA Cost

Wireline
Network

5G FWA
Network

" L\ ¢ it ™ : ﬁ*
. S mm; v @
. s * v
Trucking — Digging — Cabling — Installing — Setup by — In service
ONT technician

: 3 -
CPE-deIivery —_— Self-Install —_— In service

Greatly Reduces CAPEX/OPEX, Deployment Times (Weeks - Days)



FWA 7HIX} 0% eMBB

5G-Based FWA Subsciptions by Region (2019-2030)
(millions)
400
350
300
250
200
150

100 I
50
o _ . .13 RIN11

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

B Western Europe B North America Middle East & Africa
B Latin and Central America B Eastern Europe B Asia pacific

(Source : SNS Telecom)
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IoT MH|A &=

INDUSTRIAL

Internet of Things

Heavy Machinery

Sl
Transportation &

Smart Cities I
E 1l

Automation a

Factories

Healthcare E

Network Connectivity

Powered by Software

CONSUMER

Internet of Things

Wearables

E

- m Phones
D ) ™

Appliances

Home Monitoring

Home Automation



Cellular IoT AH|A 22(1)

Massive loT Critical loT
= . s
= .
R | e g =T Pt
L]
Smart Logistics, tracking and Remote Traffic safety L
building fleet management health care and control

NV

Capillary networks Smart Smart Smart grid | Industrial application| ~ training,
agriculture | metering automation and control surgery
Low cost, low energy, Ultra reliable,
small data volumes, very low latency,

massive numbers very high availability




Cellular IoT AH|A 22(2)

Cellular IoT use case segments

Industrial

Massive IoT Broadband IoT Critical IoT =
automation IoT

= o A i

Asset Drones/UAV Automotive Smart grid Advanced automation
management C-ITS® automation and control
- - - - -
' ] ] ] ]
a4 2 b A s
= L]
o= = T £ z O
ok - . : :
B H
e I
: bolo dd
Smart metering Fleet management VR /AR Traffic safety Collaborative robotics
and control
— Low-cost devices, low energy — High throughput — Ultra reliability — Industrial protocols
— Small data volumes — Low latency — Ultra-low latency — Time-sensitive networks
— Massive numbers — Large data volume — Very high availability — Precise indoor positioning

NB-IoT/Cat-M (LTE and 5G NR) LTE and 5G NR 5G NR 5G NR




IoT7} X| <k}

oo
ok
rr
Jio
i

Billions of connections

100K per cei Low cost

devices

/\/\/\
? NB-IoT?
\\/-\/

20 dB better link budget

Deep penetration
indoors & underground

Low power operation

10+ year
battery life

Integrates into cellular system
Ea Sy deployment



IoT A|%&EH(1)

Global loT Market Forecast

Global loT Market in 5B
1,600

1,400+
1,2004
1,000+
800+
600+
400+

200+

0_
2017 2018 2019 2020 2021 2022 2023 2024 2025

Note: Market defined as total spend of end-users on loT solutions.
Source: loT Analytics Research 2018

Connected devices (billions)

. 2016 2022 CAGR
N ::1’ Wide-area loT

) @ Short-range loT

15

| PC/laptop/tablet

10

D Mobile phones

4 ]

@ Fixed phones : 1.8 0%

0

2014 2015 2016 2017 2018 2018 2020 2021 2022 16 29 10%
billion  billion



IoT A|%EH(2)

Global Number of Connected loT Devices

Number of global active loT Connections (installed base) in Bn
25-

21.5
Wireless Neighborhood

Area Networks
(WNAN)

M sc
Other
Cellular / M2M
B wired
LPWA

[ Wireless Local
Area Networks
(WLAN)

B Wireless Personal
Area Networks
(WPAN)

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Note: loT Connections do not include any computers, laptops, fixed phones, cellphones or tablets. Counted are active nodes/devices or gateways that concentrate the end-sensors, not every sensor/actuator. Simple one-
directional communications technology not considered (e.g., RFID, NFC). Wired includes Ethernet and Fieldbuses (e.g., connected industrial PLCs or I/O modules); Cellular includes 2G, 3G, 4G; LPWAN includes unlicensed
and licensed low-power networks; WPAN includes Bluetooth, Zighee, Z-Wave or similar; WLAN includes Wi-fi and related protocols; WNAN includes non-short range mesh; Other includes satellite and unclassified
proprietary networks with any range.

Source: loT Analytics Research 2018



Smart Factory(1)

Massive wireless
sensor networks

Massive machine type
communication

Source: ZVEI

5G

5G Alliance for Connected Industries and Automation

Enhanced mobile
broadband

Wide area connectivity for fleet maintenance
. Inbound logistic for manufacturing

Augmented reality
Remote access and maintenance

.. Process automation — plant asset management

Process automation — monitoring

. Human remote control of automation equipment
Control to control communication

Process automation — closed loop control

. Mobile control panels with safety function

. Mobile robots
. . Motion control

Ultra-reliable and low
latency communication



Smart Factory(2)

Wide area network
Core ’_?_ _?_ %

control -
e g @
.

A Factory IT domain
/| Factory OT domain -
/ 4G/5G connectivity ? m e v
/ solution
'I'I
/ UE Q)] Industrial
4G/5G indoor r'y
"l;i‘ﬁé'{',z' ? (t= radio system =
\ g Local cloud infrastructure v Industrial
\\‘ ((%‘ : 5 . : mn:oila
\ . o) Local management system * : - '
| S o
\ 3 » oT '
A debe e i i Tl e R G R TR N A SRS R R S > management ¥
\\‘ system
Sensors Factory A Data center (hosting cloud)
Network functions, industrial apps,
~, e 3" party apps
S S S Transpon T
Industrial application X >« ; TRk B
L}
= a @ b @-L
/ H
Yivist 1

“® 56 Access

(G —

=

-
o
~

Edge data center (hosting edge cloud)

Iositntrih spetcation ¥ Network functions, industrial apps,
3" party apps




Why Smart Factory ?
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CPS, Digital Twin

m

Data analysis

Physical entity Decision-making

Geometry model

Feedback >
Physical world Cyber/digital world

* CPS: Cyber Physical System



Why Smart Office ?
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Intelligent Connectivity

INTELLIGENT CONNECTIVITY
The Fusion of 5G, Al and |oT

INTELLIGENTLY CONNECTING EVERYONE AND EVERYTHING TO A BETTER FUTURE

TOMORROW r‘L::@ %j f
(( i o ))
el
NS

il Pl
96 ERA: INTEROPERABLE NETWORKS ) ARTIFICIAL INTELLIGENCE

5646/ 36 / MOBILE IaT / WIFI / FIYED BROADBAND / SATELLITE COMPUTER 10: 10,000+

Flexible, reliable, high-speed, low latency, B
high capacity networks |

INTERNET OF THINGS ’::
25 BILLION CONNECTED DEVICES @ @@

f Everything will be securely connected
enabling rich new products & services

dip o
46135 WOBLEWT | HowAN GeNs 10: 1+ € | 3 9 ituon convecrooevces € @
TODAY
Sources: GSMA Intelligence, 2018 | Science Trends, 2018 | Softbank, 2017

=X: GSMA
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URLLC 9|

Reliability (1 — 1077)

A
pr
ENABLERS ., Best Effort
e Short TTI
e Caching 7| Low-Latency
o Communication
e Densification
e Grant-free 5 (LLC) ‘ITS
e UAV/UAS
e Non orthogonal multiple
access (NOMA) -
e MEC/FOG/MIST Factory 2.0
e Network coding . .
e Machine learning -9 Ultra-Reliable Communication
e Slicing (URC) Latency (ms)
>
0.1 1 10 100
ENABLERS ENABLERS
. Shor_t TT_l . e Finite blocklength
e Spatial diversity Packet duplication

e o & & » @

Network coding
Caching, MEC
Multi-connectivity
Grant-free + NOMA
Machine learning
Slicing

HARQ
Multi-connectivity
Network coding
Spatial diversity
Slicing

* & 2 @ @ @



Reliability & Latency

High

Reliability
(with load)

Low

LTE

MulteFire

Non-real-time
Asset monitoring
Wireless sensors

Soft.real-time
Mobile rebots

Hard real-time
Time-critical

closed-loop control

Automated gaided vehicles

>

High
(seconds)

End-to-end latency

Low
(milliseconds)

Unlicensed
spectrum

Wi-Fi

MulteFire

Licensed
spectrum

LTE




URLLC A{H|A Z okt

A
Local automation Large-scale automation Mission-critical automation
= Automated smart meters to = Precision medicine = Bioelectric medicine and neuro-
optimize electricity usage » Real-ime load balancing modulation
o = Smart greenhouses = Distributed energy resource = Virtual power plants
g = Remote sensing for fertilizer management = Management of edge-of-grid
= optimization and harvesting = Precision pesticide spraying generation (e.g., solar panels in
5 =6
g = Real-time mobile and high ko= ¢f homme=)
o3 frequency trading
o
O
5]
Current On the road to 5G 5G experience

Time
Source: Ericsson and Arthur D. Little analysis

Figure: Evolution of 5G Real-Time Automation Cluster



4G, 5G Latency H| 1!
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4ms 4ms 1-2ms 5-10ms

if in the same country
5G
< 1lms
—3

ri
&

+ 1-10Gbps to radio
Conte i
= 1000x BW per unit area

i
rd

as the customer
= 0.5ms > 0.5ms

Fiber propagation ~ 3.3us/km LTE-A and
New Radio

(NR) support.
Dual connectivity
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Safe Distance without
5G and V2V

-l =
- L

G\ G

Self-Driving Cars - 2020

Safe Distance with
5G and V2V

— A AP

G Gii> G Gie>

Autonomous Cars w/5G - Future

Air flow - drag
constitutes 50-75%
of highway energy

Air flow - car convoy
can reduce drag by
20-60%



= 5G
Network

3 ADAS
* Real-time traffic

information update
"v2X

.........
------

.® e
.®

-Ultra-fast speed
-Ultra-low latency
-Hyper-connectivity
®

9y

>
SK telecom

SK Telecom-Seoul City

Autonomous
Driving Infrastructure :

*Autonomous
driving road
infrastructure

*Ultra-precision
map with
centimeter-level
accuracy

.
.y ®
L] L
..............



3GPP, 5GAA Activities

@ Perception
@ Path planning

Real-time local updates

Q : Coordinated driving

5G NR C-V2X

Communication augments
autonomous driving

V2X Communications Protocol For Self-Driving Cars

® =~ a

v
Vecie-To-Netwark

van
Vencie-To-Home

Evolving C-V2X Direct Communications towards SGNR

While maintaining backward capabilities

Evolution to 5G NR, while being backward compatible
C-V2X Rel-14 is necessary and operates with Rel-16
Basic and enhanced safety

Automotive Association

C-V2X Rel-14/Rel-15 with enhanced range and reliability

Basic safety
IEEE 80211p

Autonomous driving use cases
5G NR C-V2X Rel-16

Backward compatible with Rel-14/Rel-15 enabled vehicles

Higher throughput Wideband carrier support
Higher reliability Lower latency

. 0”x
™

) (u) )



Mobile Internet, IoT, Tactile Internet

+ Human-to-machine interaction

« Remote control of tactile and
haptic machines

+ Control communications

+ High availability and securigr

« Ultra-fast reaction times an
carrier-grade reliability

Interconnection of billions of
smart devices

M2M communications
Low-rate, latency-tolerant
Reliability and security

* Optimized for static or
streaming content

* Round-trip latency :

sufficient for telephony, Tactile Internet

web browsing, and videos

with limited resolution Internet of

Things (loT)

Mobile

Internet
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Tactile Internet(1) eMBB + URLLC + mMTC

The Tactile Internet.
lllustration.

Massive

Tactile
Cloud

Application
E.g., surgical Network PP

+

robot. Cloud
Optical
Router

Tactile
Client App

E.g., remote

surgeon. 1 millisecond (ms) in round-trip-time incl. processmg

200 km (light in fibre) — 300 km (light in free space)

« Tactile Internet: QI U S =Z(Tactile) SEE £4AMSH= AMH|A

- o —

- 5GO| XXX|%, £1& SMOZ HB s

o L-—

- Ehss O YAt redEE 222 DB 7 Vs



Tactile Internet(2) eMBB + URLLC + mMTC

¢ S O Em s En s Em s Em ey

/  Tactile Support \
: Engine

I signal Command
l -------- 1
\\ .
\ .
\\

Remotely
Controlled Tactile
Teleoperator

Haptic Feedback to Serving |
Tactile Interface for Master Network Gateway ,‘
Human/Computer M - e
Interaction

Core Telecom Network Domain enabling
Ultra Responsiveness and Reliability

« Tactile Internet MH|AE X|&5}7| St Platform A& 0| Ssh(2~3E F)
- Game, Entertainment, Factory, Retail S0 & 7t=
« Tactile Internet Platform2 MECe} A A =l
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Hyun-Wook Kim

hwkim7@gmail.com
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5G EE2 X}

Requirements
Request for Approval =

™

(3GPP, IEEE etc..) BE 7| 24 (3GPP, IEEE etc..)

BE 7|2 24 XA 4 B ¢ (TU)
2FALE (ITU)

S| 2= TMA 44, Al s 52
A 7lsn4S Zoots WMA w&tt B
A2 IMT-2020

et 89
3GPPO| A Z 2|t &0

S
5G= ZHERlo| 4
NR2 7|=4 £

e ITU: International Telecommunication Union
» 3GPP: 3rd Generation Partnership Project
e IMT: International Mobile Telecommunications
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INDIVIDUAL Contributions Support Functions
MEMBERS
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Organizational Partners’ Standardization Process

Organizational Partners’ deliverables
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H lte LTE Evolution } w 5G
3GPP - g ;
Rel. 15 @ 5G Standards

LTE evolution I New RAT
Standards Standard

Phase 1 — mid 2018 Phase 2 — mid 2020

* Focus on eMBB and low latency aspects * Focus on mMTC and URLLC

* Minimized changes to core architecture * Novel layers and architecture to allow full 5G
(LTE-EPC) — NSA operation initially potential (vehicular and multicast services)

* 5G RAT - focus on “conventional” frequency * “mmWave” 28, 37, 39 GHz channels and

channels unlicensed spectrum
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NGMN, 5G Service Use Cases(2015%)

Broadband access

Broadband access

Higher user Massive Internet
in dense areas everywhere mobility of Things
PERVASIVE 50+ MBPS HIGH SPEED SENSOR
VIDEO EVERYWHERE TRAIN NETWORKS
Extreme real-time Lifeline Ultra-reliable

communications

TACTILE
INTERNET

-

communications

communications

NATURAL
DISASTER

E-HEALTH
SERVICES
X | }

,' -*
»

Broadcast-like
services

BROADCAST
SERVICES

ITUGIA IMT-2020 Q@ FFALE HiZE O| MO NMGN S0 A Use CasesE B2
NMGN2 5G Use CasesE 1% S

= C O
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* NGMN: Next Generation Mobile Networks
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IMT for 2020

d / Throughput and beyond

2G, 3G, 4G

IMT-2000 & [ 4% N
5G IMT-Advanced 7 / : — Mission
ok : ‘ Critical |

MassiVe MTC |
MTC ! /

Connection Density Latency / Delay

5G strefching the use case of LTE eMBB

Mbit/s
uRLLC

kbit/s

bit/s

1000 000/km?
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eMBB

URLLC o mMTC

« 5G CHEE MH|AE eMBB, mMTC, URLLCZ} 83tE| O] X3 =

* eMBB: enhanced Mobile Broadband
* mMMTC: massive Machine Type Communication
* URLLC: Ultra Reliable Low Latency
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The large bandwidth opportunity for mmWave

The new frontier for enhanced mobile broadband

=~
5G =

Unified design across diverse spectrum bands/types

5G NR sub-6GHz
(e.g. 3.4-3.6 GHz)

« 5G7t 7| ECHH| 7t 2 XHO|H 2 MEE Fht LY (New Radio)E AIE 5=
- ME2 Fht== Y0 Fots ZEZ SUECZE AR

e 5G Fit=&= 3AA 6GHzE A9 2 Below 6GHze} Above 6GHzZ F+&
- Above 6GHz FI}=0| A 24GHz O|A4E mmWave(milimeter Wave)2} 11 &t

« 7|&9| GSM, UMTS, LTE 59| It CHY | = 5G AMH|A Ths
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5G mmWave Propagation £/d

5G/4G/LTE Device

Macro Cell

Small Cell

|

5G mmWave : - .V-“:;SG*’mmWfaVé =

3.5GHz

2.1GHz
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5G

€ -
6 GHz 24.25 GHz 52.6 GHz

1
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Large bandwidth opportunity

2G, 3G, 4G 5G mmWave
5G sub-6 GHz
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Shannon’s Law

) c~w-n-

| Capacity Spectrum  Antennas

/Z J\\

Evolution

More More
Spectrum Antennas

~3.5 GHz
& ASA

Making the best use of all spectrum
types with more licensed spectrum
as the top priority, e.g, ASA, ~35
GHz, unlicensed spectrum

Advanced multiple antenna
techniques to create spatially
separated data paths, eg, 4 way
receive diversity, 4x4 MIMO

Abe=(Shannon) #&lof 2t =8z
= Z0t QHEf|Lt =0 H|E|

©  5GE FOY Fot =ap b0 S5 CHH|LIE

o FI: FOb Z0p QHH|LE = F71 0]2lof CHE BHHO| SS
7

- 0|0] 7t = e BE 7|20 HELO MEEH
AKX =

log, (1 + SNR)

Signal Quality

Advanced receivers and antenna

techniques, eg, LTE FelCIC/IC,
HSPA+ advanced device receiver

ife

Mitigation

Achievable Efficiency (bps/Hz)

| —=— HSDPA
—=—— EV-DO

Shannon bound
Shannon boundwith 3dB margin

IEEE 802.16e-2005

—.m..——&"‘" |

-15

-10 5 0 5 10
Required SNR (dB)






5GO| HEE FR27|= 0l(1)

#1 New spectrum #2 Beamforming #4 Dual connectivity

90 GHz -
T
301GHZ _ I
‘M —
10 GHz _ .
— #3 Slicing and flexibility #5 Edge computing
.
3GHz - . N
10cm ~ | Lt ¢ Leancarrier
X - * Flexible size,
gl control, TDD,
300 MHz mmANEN  EIZ bandwidth etc
Tm - A HE Gateway

l. One tile cormesponds to the smallestuserallocation
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ﬁmWave System/RFIC/An\

700 MHz 3 GHz , 18 27 30 GHz

New Bands

Legacy Bands

Wide
Coverage
Antenna

/New Channel Codmg \

> 1nstructure

| umq—

\ LDPC (Low- Den5|ty Parity- Check/

Massive Connectivity (Ioﬁ

Grant-based Grant-Free

Multiple Access Multiple Access
3~4 St 1 Step
LeNB—eE “3oeNBl g,
%%% % i iii .
g E

/ \ Mobile

~

/ Network Slicing

Central Data Center

Local Data Center

\ /

/ Low Latency NW \

® Radio @ TCP Rate
Information Control

..... (.(-;)---->0|u|]]ﬂ|||| =
Server/

Data
BS
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New Spectrum

>

0 10 20 30 40 50 60 70 80GHz

| <1GHz
| ~3.5GHz
| ~26/28/39 GHz

Massive MIMO & Beamforming

I Hybrid beamforming
I >6GHz also UE is expected
to apply beam steering

Multi-Connectivity
() / [:’ \ ([

)

— =

MCG MCGsplit ~ SCG split SCG

oD —
eNB /= ~\ gNB

Initially based on
Dual Connectivity
with E-UTRA as

master

Network flexibility - virtualization

- 1 Flexible physical layer
<80 numerology

-~ | Network Slicing
| NFV/SDN
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Critical Technologies for 5G

5G\/ —

verizon’ © 2010 Verzon

FIBER

SPECTRUM

SOFTWARE DEFINED
NETWORKS

MULTI-ACCESS EDGE
COMPUTE (MEC)

Smart Cities
& loT

HiCap

-2

DAS %0

Dark Fiber SMB
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5G Network Architecture(1)

5GS Service Based Architecture (SBA)

I AF A
e pplication Function
| | AMF Access and Mobility management Function
NSSF NEF NRF | UDM I\USFFE PCFFE I AF AUSF Authentication Server Function
I
J

| DN Data Network
FE FrontEnd
| IS || SN | | A S - NEF Network Exposure Function
NHSSf Nnef Nl'lff Nudm Naf NRF NF Repository Function
NaUSf di NSSF Network Slice Selection Function
PCF PolicyControl Function

(R)JAN  (Radio) AccessNetwork

SEPP Security Edge Protection Proxy

SMF Session Management Function
ubm Unified Data Management

UDR Unified Data Repository

SMF UDSF  Unstructured DataStorage Function
UE User Equipment

/ UPF User Plane Function

Control plane
\function group

N4

( UPF

% (NG-RAN) User plane
SGUE function

N6

e

Data Network
(DN)




5G Network Architecture(2)

AMF/UPF

Nnef

Nausf

b

S 56C

NG-RAN

G MY Ot HHIﬁ NI =S

ot o = ’S O|&[

olgfgt #+= BAEF" et
(Service Based Archltecture)

- SDN, NFV, Network Slicing, MEC

'-|Ou-|

A0 241 AMF, SMF £

7|X|=: gNB
- next generation Node B
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5G OFDMA

OFDMA: Orthogonal Frequency Division Multiple Access

N
>/
60 /

Scalable slot duration

7 a4
4 S S S
LT LN
M /Iﬁﬁ

1.4 MHz carrier — 6 RBs 200 kHz carrier— 1 RB

4G 5G i
Phase Noise &
M 2‘ Doppler Spread
— % =

SCS Factor 1 - 20 b p*




Sub-Carrier Scalable OFDMA

: 4l
<l

oy P
I = e

OUtdOOI’ and iy Subcarrier spacin
[N e
macro coverage ---| e.g.15kHz

FDD/TDD <3 GHz e.g.1,5,10 and 20 MHz

Outdoor and . | |
LA - - - -] Seocerrer speeino
smafcel — |ANCENCRRCRRCRRURRON" """ e.g. 30 kHz

TDD > 3 GHz e.g. 80/100 MHz

Indoor

i AhAAAAAAAAA i
widehand = | EBEEEEEEEENE - ---------- e.g. 60 kHz

TDD e.g. 5 GHz (Unlicensed)

e.g. 160MHz

| | Subcarrier spacing, e.g. 120 kHz

mmWave
TDD e.g. 28 GHz e e

e.g. 500MHz




Low Latency +<i 0

LTE

J V J
Ims

}

ik
Ims

r

5G

0lo

EFA|ZH: 10ms

i
t

—

SEEAIZE: 1ms 0|6}

Normal TTI (1 ms)

Short TTI (e.g. 0.5 ms)

il

<

[l Data [l ACK/NACK

Fast UL Access Mechanisms

i\

éé 1. SR/Grant/Data
2. Pre-scheduling
<P

3. Intelligent One-shot TX




OFDMAGO{|A{ URLLC Overlay

mMTC eMBB eMBB

Frequency

Subframe
URLLC
data

Control region

Transport
block
r A o
'.. Codeblock Codeblock  Codeblock Codeblock ® Codeblock

#1 #2 3 e . " URLLC

Size of

symbol . eMBB only Overlay of URLLC ® j




4x4 MIMO, 256 QAM

The technology enabling the data super highway
(where passenger = data)

For this example, think of baseline LTE technology as
a single highway with standard size cars traveling on it.

Highway expansion

Carrier Aggregation Unlicensed Band 4x4 MIMO
is like adding a highway is like moving some traffic is like adding a highway
to parallel service roads on top of a highway

Additional passengers per vehicle

256 QAM

is like adding more people per vehicle

HEHEAEHBK

m HEHR
om0

* MIMO: Multiple Input Multiple Output
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- Massive MIMO: 152 Q0| N 2 D722 HAA
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Massive MIMO = Beamforming + MIMO

Hardware Perspective: Massive MIMO = Beamforming + MIMO

MIMO Array: M Data Streams

Beamforming Array: I Data Stream

Xi(1) =——> z \ /“J

; 3 LY Y

xa(t) = %

) E Y>’Q + xit) TRx J%
x3(t) = / 2

xa(t) Kl Y P |

Beamforming

T T sinR ———1]" Througnput (Mbps)
N I capacity
| N ﬂ Spatial Separation <
Y - AN Multi-User MIMO
< 5 > ( ' ) ﬂThroughput

Spatial Multiplexing

ﬂ Throughput




Massive MIMOZ2| Beam Forming

) ..
) .

Frequency Domair:

A

BV

Antenna array

Main Lobe
Main Lobe
Side
Lobe
Antenna Antenna Antenna F *
One Radiating Two Radiating Four Radiating

Element Elements Elements



Massive MIMOZ2| Beam Forming/Tracking

4G 5G

. Sit AR X €2 Beam Forming(F I} O1|'—J|7(| 23)
- Beam Forming2 Massive MIMOZ} £|0{0f 7t&

© 5Ge| =110t tHY(0], 28GHZ) 0| A HItH S EQ%P

«  Beam FormingO| EM3IE AL, 7|= M &t Bt Qe



Massive MIMOZ| Spatial Multiplexing

M>>K
Sy —
S, > Precoding
® Matrix
: M x K
Sk —
K Signals

Precoding Type
Maximum Ratio (MR)
Zero Forcing (ZF)

NMSE or RZF

Frequency Domair;

M Channel State
Antennas Information HT K Users

X=H's
X =H(HHY's
x=HHH +Bl)'s

CSI-ResourceConfig: CSI-ReportConfig: Aperiodic/Semi-

NZP-CSI-RS Info Aperiodic, periodic of persistent trigger states
-55B-Resource Info semi-pesistent reporting
source Info info, report quantity,
report frequency info,
PUCCH-resource, etc.

* CSI-RS: Channel Status Information — Reference Signals



NSA, SA Operation

5G NR Base Stations LTE Base Stations 5G NR Base Stations

5G NRArea

5G NRArea

NSA (Non Standalone) SA (Standalone)

Image of 5G NR NSA/SA Configuration

+ 3GPPE5GHE MAIMOo=Z 1=617| /510 NSA, SA 52 D E MO
- NSA(Non Standalone): 4G+5G&Z &2

- SA(Standalone): 5G CiI=to 2 28

- NSAE HO|st O|f= 5G ELIRH| X£7| EXHH|E HZ2I517| st

(mmWavel| AL, 5G 7|X|= == 4G CliH| 4H} O|4&h)

- NSAL 4GRUT} QIES
IOl S412 5

—

?Iot] THE7[Q M= = 46T S EESHR
=] 2
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NSA Dual Connectivity

LTE User Plane
(Tx, /Rx,)

NR User Plane
(Tx, / Rx,)



NFV: Network Function Virtualization

Traditional Network Appliance

Approach Network Virtualisation Approach

Independent
Software Application

Virtual App Virtual App
Virtual App Virtus! App

Orchestration
& Automation

Q’@

Standard Servers, Storage and Switch

Virtual App

Content Server

Message Router




SDN: Software Defined Network




Network Slicing(1)

5G network slicing

5G network slicing enables service providers to build virtual

[ — . end-to-end networks tailored to application requirements.
u Mobile Communication
broad Entertainment
band
4G networks Internet
do not enable Retail
UEIEL LY Machine Stalt
services that -to- Shipping
the future machine Manufacturing
requires.
5G will be Reliable Automotive
fastt;lr apl?l low Medical
MOTE HEXIDIE: latency Infrastructure

% Others Other
applications

network loT: Internet of things n etWO rk

* Network Slicing2 ZO{29| 7|52 QoSq| 2t HEZ N2t 7=
. MH|A EMUE2 Ct2H| H2|8t0] ChYst AH|A K2
« 4Ge| B%, &8 (VolTE)Qt Lk HO|H B T2 &



Network Slicing(2)
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Mobile Edge Computing(1)

Edge Compute Data Center

! | =

1 T 1 1 1 | —

e | —

i IL/NAT @ =

z Firewal ¢ f: | Cegtlra[ige d
— ou
] —
Ea MEC .A MEC Hosting —
VSRX Secure  Server o Infrastructure
Gateway Apps
Core

Mobile and Network
Fixed Line
Consumers

- 5G| &= MEC(Mobile Edge Computing) E ANEXIZ} K AFRSHE o,
HEX, NHA 52 7|XIZ 70| QK| SAT EHT S Z0|1, ALZRHo| 7
#e MEAS FBo17| $let 2

* 5G2| MEC= 4G i HE I%EE AtEFAAL,
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Mobile Edge Computing(2)

« 5G MEC(Mobile Edge Computing)= emart?2} emart everyday0f H|&
- emart(CH O ED: CHE 2F Cloud
- emart everyday(A@ 0 &) MEC(XIF= AFESH= =740 T

e

OK)



Mobile Edge Computing(3)
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MEC, User Plane Path

U-plane 1 (Video transmission)
------ U-plane 2 (Robot control)

QIR

AMF

SMF

——
e
-
-

Y
Base station )

Edge Cloud

Center Cloud

Robot control server

o.

The Internet Video

server



MEC 15 0f

SKT, 3rd_party Applications

V

E2E MEC Unified Management

Business / Admin Portal Hybrid MEC Mgmt.

MEC Platform Manager

Infrastructure App, Service, )
Management Platform mgmt. LCM, FCAPS SLA, Policy

MEC Service Enabler

ETSIMEC i ME Servi
Service SKT Service AP GW Regiesr:;;e

Edge Routing Function

LTE/5G Network Traffic Classification/

Deployment Control Monitoring

SKT MEC Cloud Infrastructure

MEC Host Virtualized_ Infrastructure Infrastructure Controller
(VM, Container, Bare-metal) | | (OpenStack, Kubernetes)

:| Apps

Management
& Portal

MEC
P/F

] Infrastructure






5G User Plane, Control Plane

MNetworl

AMF

Access and Mobility If
J \

i

UPF
User Plane Function Management Function

U-Plane
Protocol Stack

¢

User Data Signaling
Message

C-Plane
Protocol Stack

AMF

MNAS

< User Plane Protocol Stack = < Control Plane Protocol Stack =

* SDAP: Service Data Adaptation Protocol



5G User Plane

Protocol stack
User plane

Mapping between a QoS flow and a
data radio bearer

Marking QoS flow ID (QFI) in both DL

and UL packets

7

UE

SDAP <

o

channels

(De)-Multiplexing
Scheduling information reporting

HARQ

Padding

/Mapping between logical and transpom_

PDCP o

i

RLC

F

MAC <

PHY

F Y

Priority handling, dynamic scheduling

Header compression (ROHC)
Transfer of user data
Reordering and duplicate detection
Retransmissions of PDCP SDU
Ciphering, deciphering and integrity
PDCP re-establishment and data recovery

AM, UM, TM \

ARQ

(Re-)segmentation
In-sequence delivery
Duplicate detection
SDU discard

Re—establishment.../

PDCP = Packet Data Convergence Protocol

RLC = Radio Link Control

MAC = Medium Access Control

PHY = Physical Layer
SDU = Service Data Unit

(HJARQ = (Hybrid) Automatic Repeat Request



5G Control Plane

Protocol stack
Control plane

/ Broadcast

Paging
RRC connection establishment,
maintenance and release
Security functions including key

gNB

Authentication
Mobility management
Security control

T\

management
Radio Bearer Control
Mobility functions
QoS management
UE measurement control
Detection / Recovery from

radio link failure

\ NAS message transfer /

Y

Y

Y

¥

R

FDCP

Al

RL

MAC

PHY

RRC = Radio Resource Control
NAS = Non Access Stratum



User/Control Plane Entity

UDR

FE | UDM AUSFFE PCFre

DATA
NETWORK

* UPF: User Plane Function



5G DRX Cycle

PDCCH Reception Here

OM Duration DRX Inacivity Time

[#—— DRX Cycle + DRX Cycle ————— &

(@)

s Scheduledata |
| Shortcycle
g to wait for

On duration Opportunity for DRX .delayed” packets

UE shall manitor__[—=——* ivi
rnto Monitor PDCCH | arriving at gNB
Long DRX cycle

UE continuously UE does
monitors PDCCH monitor PDCCH

¢[8]

There is a short and a long DRX cycle configured by RRC

Monitor PDCCH

* DRX: Discontinuous Reception
* PDCCH: Physical Downlink Control Channel



Paging Information

(@)

Check PDCCH. As soon as you
are adressed, you will find all the SIB Paging
information you need there.

Physical downlink control Physical downlink shared
channel (PDCCH) channel (PDSCH)

| would like to receive data on PDSCH,
or System Information (SIB) or Paging but |
5 G don't know what time and frequency
resources are allocated for me and what
? they look like




5G SA Mode Call Flow 0

UE NW

5G netwaork

DL assignment
Initial access and RRC connection establishment registration request —
DL data reception DMRS

.|
Authentication

. ] DL data acknowledge (HARQ)
NAS security Rel—

. ] ransmission
UE capability procedure
. ______________________________________________________________________________________________|
AS security

SR or BSR
.| —
RRC connection reconfiguration + registration accept UL grant
.|
PDU session estabishment request UL data transmission '

.~ ] UCI/COI/DMRS/SRS
RRC connection reconfiguration + PDU session with default QoS flow
] UL data acknowledge (HARQ)
Optional adding additional QoS flows, modify PDU session —

Retransmission




5G NSA Mode Call Flow 0

— ((2) (@)
A A 5 e

UE MN SN S-GW MME
User equipment LTE base station 96 base station mobility management
1. SgNB addition request entity

2. SgNB addition request acknowledge

3. HH[:CnnnectionHeconﬁFUlatinn

=

4. RRCConnectionReconfigurationComplete
-

5. SgNB reconfiguration complete

6-0. SN cell detection
6. Random access procedure

e e T

7. SN status transfer

________________ -
8. Data forwarding

———————————————— — =]

9. E-RAB modification indication | J g

10. Bearer modification §

e - @

11. End marker packet | -

________________ iy =

12. E-RAB modification confirmation =

- — - —— - —— - r ——————————————————————————————————— o




5G Beam Negotiation

Synchronization Signals (SSB) ((0)

Mttt NW beam sweeping

" —
(| -=

Random Access Preamble (Msg1)
UE selected beam .

or UE beam sweeping L_

Random Access Response (Msg2)

‘ (((o)))
Connection Request (Msg3)
0= g

Connection Response (Msgd)

UE selected beam NW selected beam

pro UE
Data and Control Messages

-
@ ‘ Beam Mesurement and Switching

UE beam Beam Failure Recovery
measurements

Y

(0)))

Y

NW beam sweeping




5G with Al



Last year, current, and planned 3-5-year tech adoption

% reporting usage Last year M Current

Artificial

3-5 years

inteligence and | -

machine Iearnmg

Wearable
devices

Augmented and
virtual reality

Drones

Autonomous/ [

self-driving
vehicles

_37

_35

_32

: 21

I - 1
31

1 1 1 1 1

MY i

A

48

0 10 20 30 40 50

60



Al on Device(1)

Cloud-centric (today)

SJ9L

DRI

AYh , :

91 L Automatic speech Voice

recognition activation
Service e SMS ® Maps - Natural language
manager o Weather & News understanding
Echo cancel,
e Video e Music PN Text-to-speech speech denoising

Access to rich content

J9L
%%I{}-‘, Automatic speech Voice

recognition activation

Service ® SMS ® Maps /\ Natural language
manager -1 understanding
® Weather ® News — L‘SG

e Video ® Music

Echo cancel,
ﬂ Text-to-speech agent speech denoising




Al on Device(2)

Augmented by
Cloud edge cloud

Big data, Al training, less delay
sensitive content, storage, ...

Compute/processing, content,
control, storage,.. closer to user?

- 9L e * o
Deeper On-premise
{-\L Jq in nehpnr?)rk facto?y.fvenue
91

Economic and performance tradeoffs

Latency could be <—

Driving the best possible
on-device capabilities

Sensing, processing,
security, intelligence

over 100s ms today

» Latency as low
as 1ms



Al on Device(3)

=I Al on the edge reduces response times

W Aew examples of emerging edge Al applications

&

In-home smart cameras  On-device facial recognition On-board Al making Vision for baby
can recognize that a and object recognition, instantaneous driving monitors, drones,
person(s) has entered an where user data doesn't decisions robots, and other
Edge Al area leave the device —_— devices that can
use case g Eg: § autopilot respond to situations
Eg: nest 1q cameras, Eg: ‘ neural engine without internet
ziw/s., Deeplens ALy connection

&w& Al processor g .
HUAWE! Eg: (Int9|>Myriad X

&: CBINSIGHTS

Cloud stores large datasets,
trains algorithms, collects edge
data, pushes Al model updates



Al on 5G Network(1)

Improving the
reliability of network
for customers

Simplifying network
evolution to next "G”

Analyzing service
performance
for customers

Optimizing capacity
of networks

Enhancing the
customerexperience

Improving
performance across
the existing network

I, TR%

I, 64%

. 58%

. 58%

I, 5%,

R 52 %



Al on 5G Network(2)

Figure 5: Areas where service providers will be focusing upon adopting Al in their networks

=) () (&

MNetwork capacity Reduced time for Infrastructure Service quality Network Network trouble
planning/ network planning modeling toreduce  management performance ticket management
management capital expenditure management

(CAPEX)

50% 49% 44%

Self-optimization Self-configuration Self-healing Virtual employee Network alarm
assistants management



Al on 5G

Network(3)

-

S
5

Edge Site

— () =

Machine Vision & Augmented Reality with Edge support

Multiple cameras are able to recognize and track objects in a given area
determining their position in real-time. This information can be utilized by
other clients, including AR devices (glasses, HUDs) and drive assistance
systems.

The Edge with its local low latency access acts as a crucial service enabler for
offloading processing and sharing data across devices.
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