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LTE Advanced: part of a rich roadmap of LTE technologies

2012 2013 2014 2015 2016 2017+ 2018+
Rel-10011112 Rel-13 and beyond
N i
Itﬂ a LTE Advanced LTE Advanced Pro
Faster. better mobile broadband Path to 5G

Achieving Providing Bringing
Gigabit Class LTE enhanced HetNets new ways to connect
Carrier Aggregation (CA) Interference management L TE Broadcast
FDD/TDD CA Best use of all spectrum LTE Direct (DZD)
LTE-U / LAA Dual connectivity
256-0AM Coordinated multipoint

Advanced MIMO SON+



3GPP Releases

Q Rel. 8-9: LTE

a Rel. 10-12: LTE-Advanced (4G)

Q Rel. 13-14: LTE Advanced-Pro (4.5G)
Q Rel. 15-16: LTE NR (5G)



MIMO 2x2
SU-MIMO
Open loop
Closed Loop

Release 7 Release 8

5G specifications

¢ Enhanced MIMO
» Enhancementson (eMIMO) (in
+ eCoMP (Non Ideal Full-Dimension MIMO particular >6 GHz)
Backhaul) « 32TXforCsl * Enhancement on CSI
+ New 4TX Codebook o 64TX * Improve Throughput

» TM 10 * Full Dimension MIMO * Further
* CoMP (ideal * 16TXfor CsI enhancement

Backhaul) * 64TX CoMP

Release 9 Release 10 Release 11 Release 12 Release 13 Release 14 Release 15 Release 16 = Release 17

LTE-A Pro
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Release 13 Features

Active Antenna Systems (AAS)
Self-Organizing Networks (SON)
Elevation Beamforming

Inter-eNB CoMP

Indoor Positioning

Carrier Aggregation Enhancements
License Assisted Access (LAA)

LTE-WLAN Aggregation Enhancements
Wi-Fi with IP Flow Mobility

RAN Sharing

Enhanced D2D Proximity Services (PROSE)
Dual Connectivity Enhancements

MTC Enhancements

Single-Cell Point-to-Multipoint (SC-PTM)
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Release 14 Features

Enhanced Narrowband loT (eNB-10T)

Enhanced Machine Type Communications (eMTC)
Enhanced LWIP (eLWIP)

Enhanced LTE-WLAN Aggregation (eLWA)
Enhanced License Assisted Access (eLAA)
Enhanced Full-Dimension (eFD) MIMO

Enhanced Multimedia Broadcast Multicast Service (eMBMS)
Multiuser Superposition Transmission (MUST)
Layer 2 (L2) Latency Reduction

Vehicle to Vehicle (V2X) Based on Sidelink

Uplink (UL) Capacity Enhancements

Light Connection



Inter-eNB CoMP

Coordinated Multipoint Operation (CoMP) in Release 11 was
restricted to eNBs connected via ideal backhaul
No need for network interfaces

In Release 12, a signaling interface has been added which
allows eNBs to interchange measurement and resource
allocation information

In Release 13, new sighaling elements were added




Indoor Positioning

Q Position can be determined by:
0 Barometric sensors
0 Wireless LANs

QO Bluetooth beacons

0 Terrestrial beacon system broadcasting signals for
positioning, e.g., Metropolitan Beacon Systems (MBS)

Q R13 supports only standalone mode without network
assistance

Q R14 introduced advanced techniques



Carrier Aggregation Enhancements

» CA was introduced in R12

> R12 limited to 5 carriers -> 100 MHz

> R13 extended to 32 carriers -> 640 MHz
» Inter-band and Intra-band
» Licensed and Unlicensed



RAN Sharing

Multiple operators can share a radio access network (RAN)
Owner operator can put limits on total UL/DL load of sharing
QoS profile can also be limited as agreed

Multi-Operator Core Network (MOCN) Gateway Core Network (GWCN)
LTE eUTRAN Sharing LTE eUTRAN Sharing
Operator A Operator B Operator A Operator B
Core Network Core Network Core Network Core Network
MME MME
MME MME

Shared
MMEs MME MME MME
S1 Interface S1 Interface
eNB eNB eNB eNB
Shared Radio eNB Shared Radio eNB
Network i3 Network
eNB —enhanced NodeB eNB — enhanced NodeB

MME — Mobility Management Entity MME — Mobility Management Entity




Enhanced D2D Proximity Services (PROSE)

Q Device-to-Device (D2D) was introduced in R12

Q In R13:
0 UEs can search multiple networks for “side-link”
0 Support for relaying using D2D

0 Out-of-coverage D2D discovery




Cellular Vehicle-to-X (C-V2X)

V2X = Vehicle to Everything
V2l — Vehicle to Infrastructure
V2P — Vehicle to Pedestrian
V2V - Vehicle to Vehicle

Parking
V2N — Vehicle to Network
P2N - Pedestrian to Network
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Local Sensors

Local Sensors Local Sensors
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Focus area for different technology generations
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Summary of 5G Use Cases
fof ToE 2 © |2

Human to Human Human to Machine Machine to Machine
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Evolution of mobile communications

Industrialization Connected Life >

1980 1990 2000 2010 2020 2030
I

\oice Qﬂu R&D

Digital NOKIA ‘Reb ":

Data

IP

loE
L) n @ L

@'Conneaions >Bilion B?l-ign B::]I.ign B?I-ign B?I.i(?n Bﬁi?)n




Evolution of mobile communications

1G
Voice only, Limited Digital
coverage and
mobility. Example: Improved voice, Mobile Data
AMPS security, coverage.
SMS, data. Example  Higher data rates, Mobile 5G
GSM, CDMA smartphones, Broadband -
better voice. ‘
Example: HSPA / High speed data, eMBB, mMTC,
HSPA+ better URLLC
smartphones.
Example: LTE / LTE-  Even higher speeds,
A ultra-reliable, low
latency, high

connection density
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Multiple layer for multiple needs

Coverage Layer
Sub-1GHz

1GHz — 6GHz

QS P

digh Throughput Layers
6GHz - 100GHz




Latency requirements

NGMN 5G Requirements

*5G E2E Latency (eMBB) = 10ms (i.e. RTT from UE-Application-UE)

*5G E2E Latency (URLLC) = 1ms (i.e. RTT from UE-Application-UE — or just UE-UE)

In both cases, the values are defined as capabilities that should be supported by the 5G System.

GSMA 5G Requirements
*5G E2E Latency = 1ms (again, defined as a capability target, not as a universal requirement)

ITU-R IMT-2020 Requirements

*eMBB User Plane Latency (one-way) = 4ms [radio network contribution]

*URLLC User Plane Latency (one-way) = 1ms [radio network contribution]

eControl Plane Latency = 20ms (10ms target) [UE transition from Idle to Active via network]

Low Latency Use Case Requirements (various sources)

eVirtual Reality & Augmented Reality: 7-12ms

eTactile Internet (e.g. Remote Surgery, Remote Diagnosis, Remote Sales): < 10ms
*Vehicle-to-Vehicle (Co-operative Driving, Platooning, Collision Avoidance): < 10ms
eManufacturing & Robotic Control / Safety Systems: 1-10ms




An illustration of a 5G network

Infrastructure/functions/technologies
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access point in industrial scenario
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ITU IMT-2020 Requirements

About the ITU - International Telecommunications Union

* Specialized UN agency responsible for issues that concern ICTs

* Coordinates global use of the radio spectrum

* Assists in the development of worldwide ICT technical standards

Technologies include:

* broadband internet, latest-generation wireless technology,

internet access, data, voice, TV broadcasting, next-Generation
networks, ...



ITU IMT-2020 requirements

About the IMT IMT Standards Evolution towards 5G
IMT = International Mobile - - oo -

Telecommunications
IMT-2000 requirements (Marketed as 3G) W
— 3GPP Family: UMTS WCDMA (GSM Evolution)
— 3GPP2 Family: CDMA2000 (1xEV DO Rev A,
EV DO Rev B) Lol
IMT-Advanced requirements (Marketed
as 4G)
— 3GPP Family: LTE Advanced (E UTRA)
— IEEE Family: WiMAX (802.16m)

IMT-2020 (5G)

IMT-2020 (Marketed as 5G)



ITU IMT-2020 vision

- Services S, S, .
. UblC]UItOUS bandWldth (no more Ce” :;l:clj;;;:dm rate - 99.999% av?:labl. ty ))))))))“
improvement ye
edge) aver ‘G ar';d 4.56 networks
- HD video everywhere (up and down) S 56 technology _
1 . is dri b N )
° Internet Of Everythn’]g (MZM’ M2P &_ 1 millisecond la(er:cy @ st 4 .‘u}_n'. coverage
P2P) ; 2 =
Y specification
- Sensing, Presence and Ad-hoc : requirements
netWOFKIng ‘* 1000x Darzrjwutnh per unit area zgr/:!:g::;;qu in network .Ili

- Web eco-system of Apps and

£ .
. o 3 ) o 1 C
SGerceS BE. - UF’ =2 1'00’( - ‘);m,be_' of Up to 10=year battery life I
i m 3 connected devices per unit far oW power loT. device ::
YT ©  area[compared with4GLTE = | ..

= Technical Requirements
\ o 4

1. Higher System Capacity

2. High Data Rates .

3. Lower Latency .

4. Mass Connectivity .
5. Energy Efficiency .
6. More Agile .

10-100x current 4G rates

Below 1ms latency

100x connected devices

10x network and device power savings

10x faster time-to-market



ITU IMT-2020 vision

Interaction
Human - 10T

Critical
Control of
Remote
Devices

Media
Everywhere

Broadband
Experience.
Everywhere,
Anytime.

Smart
Vehicles,
Transport &
Infrastructure



5G Performance

Enhanced Mobile Broadband | Capacity Enhancement

Gigabytes in a second

3D Video - 4K screens

Work & play in the cloud
Smart city cameras _
Augmented reality

Voice
Industrial & vehicular automation

Sensor NW Miission critical broadband

Self Driving Car

Massive loT
| Massive Connectivity

Low Latency
] Ultra-high reliability & Low Latency

(Source: ETRI graphic, from ITU-R IMT 2020 requirements)

User experienced
Peak data rate data rate

(Gbit/s) (Mbit/s)

Area Traffic

capacity
(Mbit/s'm”*2) | g

Spectrum
efficiency

100x 500
Network : Mobility
Energy (km/h)
Efficiency

Connection d%usity Latency
(devices/km ) (ms)



5G Standardization: 3GPP Rel.15/16

Release 15 & Release 16 ‘NR’ milestones K oy

A GLOBAL INITIATIVE

RAN RAN RAN RAN RAN RAN RAN RAN RAN RAN
#79 #80 #81 #82 #83 #84 #85 #86 #87 #88
@ (] (7! (] @ [H] Q4 (] @
Rel-15 Rel-16

NSA ASN.1 Package Approval

RAN#79 endorsed the
freeze of NSA ASN.1
and approved the
corresponding CR:

Rel-16 Study Item & Work item phase

Rel-15 Rel-16
Freeze Freeze
e G et
essential corrections allowed), ASN.1 : ASN.1

and Option-2 specification work

Architecture Option 2 & 5 (LTE) The late drop is to exclusively contain NR
ASN.1 Freeze September architecture options that were not
2018 completed by September ASN.1 drop

Tare
IFoptiGnSiict Options 4, 7 are part of the late drop

non-StandaIOne completed by September

ASN.1 drop, it will be part
of the late drop

standalone

3GPP Release 15 = 5G Phase 1 — Non standalone
5G Phase 2 — Standalone

3GPP Release 16

Standalone



Standardization beyond 5G: 3GPP Rel.17/18

2020 2021 2022
—— 1 c I ol ol ol o bl lotlobdo o L

TSG#86 TSG#87 TSG#88 TSG#89 TSG#90 TSG#91-e TSG#92-e TSG#93-e TSG#94-e TSG#95-e TSG#96 TSG#97
Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep.

Rel-16
Stage 3
Freeze

Rel-17
Package
(content)
Approval

Rel-17
Protocol

Coding Freeze
(ASN.1, OpenAPI)

Rel-17
Stage 2

Freeze

#* Stage 1: WG SA1 work and “RAN content definition” completed TSG#86,
#% Stage 2: Studies completed TSG#90, Stage 2 Nomative work completed TSG#92, Stage 2 exceplions completed TSG#93

2021 2022 2023 2024
Q2 Q4 Q1

TSG#94-e TSG#95-e TSG#96 TSG#97 TSG#98 TSG#99 TSG#100 TSG#101 TSG#102 TSG#103
Dec. Mar. Jun. Sep. Dec. Mar. Jun. Sep. Dec. Mar.

A SLORAL IMITIATIVE Sept. 2021



Standardization beyond 5G: 3GPP Rel.17/18

3GPP 5G Timeline 56 .

(7] Continue to evolve LTE
=
Pl H
4]
L= .
c Rel-17+ evolution
] :
0 :
Standalone (SA)
Non-Standalone (NSA) | :
=, : Rel-15 Rel-16 Rel-17+
o ™ Commercialization Commercialization
o loDTs Field trials .
8 : eMBB deployments in both Mew 5G NR technologies to evolve
. mmWave and sub-6 GHz. and expand the 5G ecosystem
E Expanded ecosystem:
Smartphone formfactar, Private networks, Imdustrial 1T, AR,
Connected laptops, Indoor mmVW for enterprises, Private network, Unlicensed/shared spectrum, ...
ﬁ CPE fixed access Boundiess XR... 5G NR C-V2X, Continuad eMBEB evolution
@© :
g mmWave / Spectrum
g Optimizations

New use cases

.
-
i
0 o— ° ° ° °
:
:
:
:
:
:

2017 2018 2019 2020 2021 2022 2023+



Standardization towards 6G

3GPP Evolution from 5G and Beyond

& The next big leap...

Release 18, 19, 20

Evolving 5G from previous learnings towards
Release 17 advanced use cases (e.g. XR) using latest
technological developments (e.g. AI/ML)

Further use case
Release 16 expansion
(e.g. NTN, loT)

Initial use case
expansion
(e.g. lioT, V2X)

Release 15

Foundational
eMBB

| | | | | | | | | | | | | |
''2018 ' 2019 ' 2020 ' 2021 ' 2022 ' 2023 ' 2024 ' 2025 ' 2026 ' 2027 ' 2028 ' 2029 ' 2030+

Note: Approximately 1.5-2 years per release




5G Verticals

ENERGY

© Time-critical process control @ Grid access
g 4 | .—
® Non time-critical factory automation ® Grid backhaul .

9 © Assets and interventions
N 1 |
© Remote control ‘ , © Grid backbone | management in Hospital

O Intra/Inter-enterprise I p .
communication Robotics

© Connected goods © Remote monitoring

© Smarter medication

MEDIA &
ENTERTAINMENT

P
© Ultra High Fidelity Media

® 0On-site Live Event Experience

© User/Machine Generated Content

O Immersive and Integrated Media

© Cooperative Media Production

AUTOMOTIVE " | Y

—.
© Bird's Eye View

© Automated driving O Digitalization of Transport and Logistics

© Share My View ® Information Society on the road




FACTORIES

DATA RATE

COVERAGE

RELIABILITY

Time-critical process control

Non time-critical factory automation

Remote control

Intra/Inter-enterprise communication
@ Connected goods

5G Verticals

AUTOMOTIVE

DATA RATE

COVERAGE
MOBILTY
(SPEED)

DENSITY

Automated driving

Share my view

Bird's eye view

Digitalization of transport and logistics
® Information society on the road

e-HEALTH ENERGY

DATA RATE

COVERAGE
COVERAGE

POSITIONING ¢
Al ACY

POSITIONING
ACCURACY

DENSITY
RELIABILITY

RELIABILITY

Assets and interventions management in Hospital

@ Robotics @ Grid access
Remote monitoring ®  Grid backhaul
Smarter medication Grid backbone

MEDIA &
ENTERTAINMENT

DENSITY

Ultra high fidelity media

On-site Live Event Experience
User/Machine generated content
Immersive and integrated media
Cooperative media production
Collaborative gaming

ow)
LAENCY




5G Advancements

New Architecture
» Advanced core network functions / NG RAN
» Incorporate SDN/NFV (NFV MANO)
» Decupling of control and data plane
» Decupling of functions from the hardware
Network Slicing

» eMBB, URLLC, mMTC | 8 subclasses pes slice
type
New Radio (NR)
» RAN protocol stack (+SDAP)
» New numerology for the PHY compared to LTE
Functional Split

» gNodeB Fronthaul Central, Distributed and
Radio Units (CU, DU and RU)

Device-to-Device

» Allow direct communications (Public safety)
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2G / 3G Mobile Network Architecture

Voice (PSTN)
Network

Data (IP)
Network

Core
Network
(CN)

e

Radio

Access —
Network

(RAN)

Air
Interface

Circuit Switched Packet Switched
(CS) Core (PS) Core
—_—
- |e<—Backhaul
............................ S ——————
Base Base Station Base Station
Station Controller Controller

Base Station
Transmitter
/ Receiver

i User Equipment (UE)

Core Network
* Connects to voice and data networks
* Provides Security and Authentication
* Billing / Charging

* Roaming
Backhaul
* Connects access network with core
network
* Example: Fiber, microwave, satellite,
mesh, etc.

Access Network
* Connects devices over the air
* Allows mobility and handovers




4G Mobile Network Architecture

Data (IP)
Network

Voice (PSTN)

Data (IP)
Network

Network
Core Circuit Switched Packet Switched System Architecture Evolved Packet
Network : () EL-_-__—EE)-COFE i Evolution (SAE) Core (EPC)
€—— Backhaul Evolved
e [ ) I Evolution — Packet
| Base : ; ' ) i >_ System
| B Stat H [ B Stat 1
! Station Controller. P Controller | = (EPS)
Radio I P |
Access — ' i : E
Network ; i ! i -
(RAN) I:::iss:mt;:::‘: Long Term Evolution ]
i/ Receiver | i (LTE) of Radio Interface _
Air b T : f}
Interface

i UE
i User Equipment (UE)



5G Mobile Network Architecture

Data (IP) Data (IP)
Network Network

5G System is defined as

PR—— e —— \ P e —— . 3GPP system consisting of
\ | Evolved Packet ; : i 5G Access Network (AN),
Core : : l 5G Core (5GC) ;
Network | Core (EPC) i i | 5G Core Network and UE.
(CN) i § | . The 5G System provides
5 | i . data connectivity and
B 5 ' New & Evolution | 5G System | _ Y
| i | (sGS) |  services.
R S | (g s
Radio S Evolved | "
Network i System : ! New RadioorNext-}  Architecture for the 5G System;
: H : eneration RAN |
(RAN) | (EPS) | ! (NG-RAN) | Stage 2
e 4 bememmm et 3GPP TS 23.502: Procedures for
= ﬁ} :} the 5G System; Stage 2

Air {

Interface
i VE i VE



Access and Core Network

5G System

5G Core Network




LTE Architecture

- eden HSS PRF\
- . -
_ il :
/ 1 X
/ 1
// Uu
A\ S5/S8
LTE m Serving PDN IP Networks
-IMS
UE Gateway Gateway s
(S-GW) (P-GW) _Apps

eNodeB j k /

E-UTRAN Enhanced Packet Core (EPC)




General 5G architecture

Data
Network



Data flow

PDU Sessions and QoS Flows

QoS Flows
' Provide differing QoS characteristics based on latency,
priority and data rate (guaranteed or non-guaranteed)

P

PDU Session Data Network

QoS Flows can be established and removed on the basis of the QoS
requirements of the User Plane traffic

PDU Session Data Network




The acceptable E2E delay increase link bandwidth

for VOIP is 150 to 200 ms prioritizing
» layer 2 payload compression
* RTP header compression

QoS indicators




Access and Mobility-Management
Function

Registration and
Security

Subscriber Mobility

Similar to MME in 4G Authentication
Location Temporary 1D
Paging

Handover



International Mobile Subscriber Indentifier

3GPP identifiers 23.003
IMSI

Identifies the SIM. It includes the Home PLMN
IMSI s flashed in the SIM card and stored in the HLR (Home Location Register)

Length : 15 digits or less

IMSI

International Mobile Subscriber Identity

PLMN MSIN

. . Mobile Subscriber
Public Land Mobile Network Identification Number

MCC MNC

HLR Subscriber
Identity |ldentity

Mobile Mobile
Country Code @iNetwork Code

3 digits 2 to 3 digits 2 digits




General 5G architecture

Data
Network



Session Management Function

PCF Interaction for UPF Selection and IP
Data Network Profile Address Allocation

In 4G mobility and session functionality were both in one entity:
MME — In 5G this is split to AMF and SMF respectively.

Establishment, modification, termination of PDU sessions
 Interact with Policy Control Function to check the user subscription status
* Interact with User Plane Function to setup the PDU session



General 5G architecture

Data
Network



Unified Data Management

Registration / Mobility
Management

Access Authorization

Data Network
Profile(s)

Central repository of subscriber information

Access authorization

Tracking information

Data network profile (what the user can and cannot do)



General 5G architecture

Data
Network



Policy Control Function

Ability to Alter Both
Mobility and Session
Related Service
Aspects

Dynamic Policy
Decisions Based on
Conditions

Knowledge of network conditions

Real time decisions based on these conditions

May deny or alter service if conditions do not allow
Information from the Data Network (external) as well
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