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Pre-history of Cellular/Mobile Networks

AMotorola announced DynaTAC 8000x in 1984
I 4,000 USD, 30-min talk/8hr standby, 30 entries
I First prototype in 1974
i SCR-300 in 1941 (16kg/12.9km, FM)

AAdvanced Mobile Phone System (AMPS)
developed by Bell Labs on October 13, 1983
119897V § - i Ym " EJMEYy

A
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History of Cellular/Mobile Networks

A European Conference of Postal and Telecommunications Administrations

(CEPT) set up the Groupe Spécial Mobile (GSM) committee in 1983

I Feb 1987 - produced the first GSM technical specification

AGSM renamed as Global System for Mobile Communications

A1989 transferred to European Telecommunications Standards Institute (ETSI)
I Dec 1991 - first deployed in Finland

A1995 GSM Association (GSMA) formed
I MoU signed in 1987, Mobile World Congress (MWC) began

i 19967y -t AY -s500y E O
A8 —-AJ YV AE Ve — s Wy \ £ ye M -TGxYe@ W
A199771 Op Y Cuwyrp M 0 X P _

AThird Generation Partnership Project (3GPP) started in Dec 1998

ASeven organizations including ETSI and GSMA

I Release 99 standardized UMTS 3G in 2000
A200271 v "03G

I Release 10 (LTE-A) met ITU IMT-Advanced (4G) in 2011
A2013Ty 4G  u 0 20147 vy

I Release 15 (LTE 5G phase 1) drafted in Q4 2017
AFinalized in Q1 2019
Ay . 0 2019/12 y 2020/01

11



Mobile Phone Generations

1G (1979) AMPS
2G (1991) GSM, PHS

2G transitional (2.5G, 2.75G)(GSM/3GPP - GPRS, EDGE, CDMA2000
3G (2001) 3GPP R99 - UMTS, W-CDMA

3GPP - HSPA, LTE (E-UTRA);

3G transitional (3.5G, 3.75G, 3.9G) IEEE WIMAX 802 16e

3GPP R10 - LTE-A, LTE-A Pro (4.5G-4.9G);

4G (2013) (IMT Advanced) IEEE WIMAX 802.16m

Under development (IMT-2020) 3GPP R15/R16 - 5G (2020)

Source: https://en.wikipedia.org/wiki/Template:Cellular_network standards
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Mobile OS Milestones

Before 1992 Mobile phones / PDA

1993 Apple Newton OS (Personal Digital Assistant, PDA)
1996 Palm OS

1999 Nokia S40 OS

2000 Symbian for Ericsson

2002 Windows CE (Pocket PC)

2003 BlackBerry

2005 Nokia Maemo OS on the first Internet tablet N770
Google acquired Android Inc. on August 17, 2005

2007 Apple iPhone with iIOS introduced as an iPhone
- mobile phone and Internet communicator

2007 Open Handset Alliance (OHA) formed by Google,
HTC, Sony, Dell, Intel, Motorola, Samsung, LG, etc

2007 Microsoft Windows Mobile 6 (Derived from Windows CE)

2008 OHA releases Android 1.0 with the HTC Dream (T-Mobile G1) as the
first Android phone

2010 Microsoft Windows Phone (Metro Design Language) 13




LTE Subscription Growth

3,500

2,500

© 2018 Global mobile Suppliers Association
3,000
2,000
1,500
1,000
5° il
0 _-unll I I I I I

h
o
O’D’O’O’C)’D’OCJ"D’CfD’D’D’O’O’D’O’O’D’O’OO’O’OD’D’QO’O’D’O’OD’O’O
M T — N MIFT =M T NN =M =M T — M N M T — N M -

Millions

o

Reference: Joe Barrett , Outlining the Roadmap to 5G , Journal of ICT(Information and
Communication Technology), Vol. 6 1&2, River Publishers, 2018 14



LTE Network Investments and Launches

Testing / trialling: 15 . — Liconsed: 20
Planned: 29 ‘
To be confirmed: 59 ==

In deployment: 56

Launched: 667

© GSA 2018
15



LTE Deployment Facts (Reported by GSA)

ALTE-Advanced 239 networks launched

ALTE-Advanced Pro 123 networks launched or trailing
ALTE-TDD 109 networks launched

ACarrier Aggregation 290 networks launched or trialing

A4x4 MIMO 114 networks launched or trialing
A256QAM 96 operators have launched or using in DL
AVOLTE 221 investing i 143 launched

AeMBMS LTE Broadcast1 45 operators evaluating

I 3 have launched

16



Using Three Core LTE-Advanced Features

All three features

256 QAM DL

4x4 MIMO or more

Carrier aggregation

0 50 100 150 200 250 300

B Commercial/Deployed  m Demo, Trial, Plan, Deploying

17



LTE Ecosystem by Form Factor February 2018
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Mobile Data Traffic Forecast

Mobile data traffic by application category per month (ExaBytes)

@ Vvideo @ software download
Audio @ other
@ Web browsing @ File sharing

. Social networking

2017 ’ ’

0,
14 ExaBytes 55%
per month

O

B 112023, video will

account for around
75% of mobile
data traffic

"video

2023

110 ExaBytes
per month
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Mobile Networks from GSM to 5G NR

GSM UMTS EPS
GPRS
Circuit Packet EPC
Core Switched Switched (Evolved
N Packet Core)
Controller Controller
Access TDMA () coma () ((#) oFpma

A A
BTS \I\H A \l
UE GSM " GPRsS Wus —~ LTEA

GERAN UTRAN E-UTRAN
(GSM Edge) (Universal Terrestrial) (Evolved UTRAN)

5GS

5GC
(5G Core)

6

gNB

——

5G-RAN

5G NR
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Mobile Networks from GSM to 5G NR (Cont.)

AGSM: developed to carry real time services, in a circuit
switched manner
AGPRS: the first step towards an IP based packet switched

solution
I Using the same air interface and access method, TDMA (Time Division Multiple
Access)

AUMTS: 3G standard based on GSM
i Developing UTRAN and WCDMA

AEPS (Evolved Packet System): purely IP based

i Aflat, all-1IP architecture with separation of control plane and user plane traffic
i Composed with E-UTRAN/LTE and packet-switched EPC (Evolved Packet Core)

A5GS: Service-based Architecture and Network Slicing
I Architecture elements are defined as network functions
APrinciples like modularity, reusability and self-containment of network functions
i Allows for controlled composition of a PLMN from the specified network functions
with their specifics and provided services that are required for a specific usage

scenario
27



Network Structure of UMTS
(Universal Mobile Telecommunications System)

ME : Mobile 7 o
Equipment CS : Circut
MT/TE cell Switched
Nb
Tlucs Qoo mm Qoo |
N~ HLR AuC
CS-MGW MSC server
Cu F
GER) e
TuPS SV "omR
USIM S— P Gd —_—
UICC UTRAN : Universal Terrestrial Ge “\Q
Radio Access Network 3 i
UE ‘Z User RNS : Radio L Gl Clll i SMS-GMSC
Equipment Network System ~PRS PS v '
i S GPRS PS : PS & CS
. e acket Swite GGSN
MS : Mobile Station AN : Access Network Packet Switched o \ CN : Core Network
Mobile Station Access Network Core Network /Q‘ \
-\ llE;
=

—

A Emulating a circuit switched connection for real time services and a packet switched connection
for datacom services
Incoming datacom services are still relying upon the circuit switched core for paging
An IP address is allocated to the UE when a datacom service is established and
released when the service is released 28



Overall UMTS Architecture

GGSN
SGSN
RNC/BSC RNC/BSC
() ) () (@)
NodeB/BTS NodeB/BTS NodeB/BTS NodeB/BTS

Gateway GPRS Support Node

Serving GPRS Support Node

Base Station Controller (BSC) for GSM
Radio Network Controller (RNC) for UMTS

A Several Base Transceiver Stations (BTS)
controlled by a BSC
If a BSC malfunctions, a large coverage
area incorporating many BTSs is affected
Not occurred In LTE since BTS and BSC
are combined in the eNodeB

29



EPS (Evolved Packet System) / SAE

Evolved Packet

Administrative

I
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I 9758 (Packet 1 ANDSF
7 I
) . Data
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I Gateway \etwor )i Discovery and
’ Sagi SH/ \S;_J_SE_ Gateway : Selection Function
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Evolved

I
SIGi

i

|

Management i " i !
: z |

Entity L .

E I

I

|

I

|

I

|

I

Packet Data Gateway |

AEPC (Evolved Packet Core): main component of EPS, includes
I MME: key control-node for LTE i UE paging; chooses S-GW for UE during attach and handover
AAuthenticating the user (by interacting with HSS - Home Subscriber Server)
I S-GW: manages and stores UE contexts; routes and forwards user data packets
I P-GW: provides connectivity from the UE to external packet data networks
|
|

I ePDG: secures data transmission with UE connected to EPC over untrusted non-3GPP access
i ANDSF: provides information to UE to discover available access networks (either 3GPP or not$0



Three Types of EPC Geographical Areas

e < e
poo ST
areas . g S1-MME
interfaces : :

Tracking
areas

S-GW
service
areas

A Tracking area: smaller, non-overlapping units
I Track the locations of mobiles

A MME pool area: an area through which the mobile can move without a change of serving MME
T A network operator might configure a pool area to cover a large region of the network such as a major city

A S-GW service area: an area served by one or more serving gateways, through which the
mobile can move without a change of serving gateway
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L 5Gm

A5 GHz?
A5 GB?

A5th Generation
I ITU-R IMT-2020 Requirements
I 3GPP Release 15/16~ Specifications

Welcome to the Invention Age (Qualcomm, Jan 2019)
https://www.youtube.com/watch?v=TNIg5YelLaQU
Qualcomm presents: A History of 5G
https://www.digitaltrends.com/?page _id=2285944

What is 5G? | CNBC Explains
https://www.youtube.com/watch?v=2DG3pMcNNIw

5G ( )
https://www.youtube.com/watch?v=IDJC yJTXIc

< Wi-Fi

R

incosyslab_5G
B#F

iNUK_DEV
Bt

ASUS_10_2G
ASUS_68_2G
incosyslab2
LWIPEP_5G
ASUS_10_5G

dlink-4408

% .l 85% I} 08:14
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https://www.youtube.com/watch?v=lDJC_yJTXIc
https://www.youtube.com/watch?v=lDJC_yJTXIc
https://www.youtube.com/watch?v=lDJC_yJTXIc

International Telecommunication Union

AA specialised agency of the United Nations that is
responsible for issues that concern
information and communication technologies

AComprises three sectors

I Radio communication (ITU-R)

AEstablished in 1927 as the International Radio Consultative Committee (CCIR)
i Became the ITU-R in 1992

AManages the international radio-frequency spectrum and satellite orbit resources
ADevelops standards for radiocommunication systems with the objective of ensuring the
effective use of the spectrum
I Standardisation (ITU-T)
AEstablished in 1956 as the International Telephone and Telegraph Consultative Committee

(CCITT)
I Became the ITU-T in 1993

AStandardizes global telecommunications (except for radio)
I Development (ITU-D)
AEstablished in 1992
AHelps spread equitable, sustainable and affordable access to information and
communication technologies (ICT)

https://en.wikipedia.org/wiki/International Telecommunication Union 34



https://en.wikipedia.org/wiki/International_Telecommunication_Union

International Mobile Telecommunications-2020
(ITU-R IMT-2020 Standard)

AThe requirements issued by the ITU-R in 2015 for 5G networks, devices and services

Capability Description 5G Target Scenario
Peak data rate Maximum achievable data rate 20 Gbit/s eMBB
Achievable data rate across the :
User experienced coverage area (hotspot cases) 1 Ghit/s emMBB
data rate Achievable data rate across the .
coverage area 100 Mbit/s eMBB
Radio network contribution to packet
Latency travel time 1ms URLLC
. Maximum speed for handoff
Mobility and QoS requirements 500 km/h eMBB/URLLC
Connection density | Total number of devices per unit area 106/km? MMTC
. Data sent/received per unit energy
Energy efficiency consumption (by device or network) Equal to 4G eMBB
Area traffic capacity | Total traffic across coverage area 1000 eMBB
pacity g (Mbit/s)/m2
Spectrum efficiency Throughput per unit wireless bandwidth 3i 4x 4G cMBB

and per network cell

35


https://en.wikipedia.org/wiki/Bit_rate
https://en.wikipedia.org/wiki/EMBB
https://en.wikipedia.org/wiki/Network_Latency
https://en.wikipedia.org/wiki/URLLC
https://en.wikipedia.org/wiki/Quality_of_service
https://en.wikipedia.org/wiki/MMTC_(telecommunication)
https://en.wikipedia.org/wiki/Efficient_energy_use
https://en.wikipedia.org/wiki/Spectrum_efficiency

Enhancement of Key Capabillities
from IMT-Advanced (4G) to IMT-2020 (5G)

User expenenced
Peak data rate data rate

{Ghitfs) (Wbitis) A ng h data rate
High data rate

ALow latency

Area traffic AHigh reliability
capacity

(Wbitisird ) 107

Spectram
efficiency

AHigh density

100

Network
energ yefficiency

: . Low latenc
Connection density Latency y

{devices/krm ) {rs)

Source: ITU-R M.2083-0 (Sep 2015) ’ ’ 36



Three Dimensions to Performance Improvements with
Usage Scenarios for 2020 and Beyond

Enhanced Mobile Broadband ICapacity Enhancement eMBB

(enhanced
Mobile
Broadband)

Gigabytes in a second

3D Video — 4K screens

Work & play in the cloud
Smart city cameras

Voice F— ‘_i-’
Sensor NW/ / , . . +

Augmented reality

Industrial & vehicular automation

Mission critical broadband

Self Driving Car
Massive loT Low Latency
| Massive Connectivity l Ultra-high reliability & Low Latency
mMTC URLLC

(massive Machine Type

(Ultra-Reliable and Low Latency
Communications)

Communications)
https://www.youtube.com/watch?v=IDJC yJTXIc

Source: ITU-R IMT 2020 Requirements (ITU-R M.2083, 2015) 37



https://www.youtube.com/watch?v=lDJC_yJTXIc

What is the Difference between 4G and 5G?

A: There are several differences between 4G vs 5G

AU s e NViéws
I 5G is faster than 4G
I 5G has lower latency than 4G
ASy s t a/iess
I 5G uses spectrum better than 4G
I 5G has more capacity than 4G

I 5G is a unified platform that is more capable than 4G

Source: https://www.gualcomm.com/invention/5g/what-is-5¢g
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Third Generation Partnership Project (3GPP)

AA global partnership created and managed by regional
standards organizations

I Established in Dec 1998 with the goal of developing a specification for a
3G mobile phone system based on the 2G GSM system
AMembers

I Organizational partners: Seven regional telecommunication associations

as primary members
ARETSI

I Market representation partners: other organizations as associate members
AGSMA

AWork in Working Groups (WGSs) of three Technical Specification
Groups (TSGs)
I Radio Access Networks (RAN) L~
I Services and Systems Aspects (SA) x& ~ad
I Core Network and Terminals (CT) = 5G

https://en.wikipedia.org/wiki/3GPP

39


https://en.wikipedia.org/wiki/3GPP

3GPP TSGs and WGs

Project Co-ordination Group (PCG)

TSG RAN TSG SA TSG CT

Radio Access Network Service & Systems Aspects Core Network & Terminals
RAN WG1 SAWG1 CTWG1

Radio Layer 1 spec Services MM/CC/SM (lu)

RAN WG2 SAWG2 CT WG3

Radio Layer 2 spec
Radio Layer 3 RR spec

Architecture

Interworking with external
networks

RAN WG3 SAWG3 CT WG4

lub spec, lur spec, lu spec Security MAP/GTP/BCH/SS
UTRAN O&M requirements

RAN WG4 SAWG4 CT WG6

Radio Performance Codec Smart Card Application
Protocol aspects Aspects

RAN WG5 SAWG5H

Mobile Terminal
Conformance Testing

Telecom Management

RAN WG6
Legacy RAN radio and protocol

SAWG6
Mission-critical applications

https://www.3gpp.org/specifications-groups

July 2019
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https://www.3gpp.org/specifications-groups
https://www.3gpp.org/Project-Coordination-Group-PCG
https://www.3gpp.org/specifications-groups/ran-plenary
https://www.3gpp.org/SA
https://www.3gpp.org/rubrique34
https://www.3gpp.org/RAN1-Radio-layer-1
https://www.3gpp.org/SA1-Services
https://www.3gpp.org/CT1-MM-CC-SM-lu
https://www.3gpp.org/RAN2-Radio-layer-2-and-Radio-layer
https://www.3gpp.org/SA2-Architecture
https://www.3gpp.org/CT3-Interworking-with-External
https://www.3gpp.org/RAN3-Iu-Iub-Iur-S1-X2-and-UTRAN-E
https://www.3gpp.org/SA3-Security
https://www.3gpp.org/CT4-MAP-CAMEL-GTP-BCH-SS-TrFO-IMS
https://www.3gpp.org/RAN4-Radio-performance-and
https://www.3gpp.org/SA4-Codec
https://www.3gpp.org/CT6-Smart-Card-Application-Aspects
https://www.3gpp.org/RAN5-Mobile-terminal-conformance
https://www.3gpp.org/SA5-Telecom-Management
https://www.3gpp.org/specifications-groups/ran-plenary/ran6-legacy-ran-radio-and-protocol/home
https://www.3gpp.org/specifications-groups/sa-plenary/sa6-mission-critical-applications/home
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Radio Access Milestones

| 99 | 00 | ‘01| ‘02 | ‘03 | ‘04 | ‘05 | 06 | ‘07 | ‘08 | ‘09 | ‘10| 11| 42| 43| 4|35 | 6

¥ Release 99: W-CDMA (UMTS)
V¥ Release 4: 1.28Mcps TDD
V Release 5: HSDPA (& IMS)
V¥ Release 6: HSUPA, MBMS
V¥V Release 7: HSPA+ (MIMO, Higher order modulation)
V Release 8: LTE (OFDMA)
V Release 9 LTE improvement, SON
Release 10: LTE-Advanced (Carrier Aggregation, eMIMO, elCIC) - ¥
Release 11: COMP,E-PDCCH = ¥
Release 12: FDD/TDD CA, ProSe (D2D),eMTC=> ¥

Release 13: LTE-Advanced Pro= V

= Expanding Carrier Aggregation

= Narrowband loT

= Elevation Beamforming/Full-
Dimension (FD) MIMO for LTE

« LAA

Source: http://www.3gpp.org/about-3gpp/about-3gpp
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3GPP 5G Requirements

Network Slicing
& Reconfiguration #

Connectivity

Routing Industrial
Migration Control
& Interworking
Drones
& Robotics

Network Operation

Mission
Critical

eHealth/eFarm
/eCity, etc.

Enhanced Mobile Broadband

Wearables Invento Ultra-high-definition
Managemem Augmented Hologem High Mobility
& Virtual Reality (Trains, Planes, etc)

TR22.891 with 70s different user cases of four groups (SA1 finalized June 2016)
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http://www.3gpp.org/DynaReport/22891.htm

Three Main 5G Cases and Examples

eMBB

URLLC mMTC

eMBB (enhanced Mobile Broadband)
MMTC (massive Machine Type Communications)
URLLC (Ultra-Reliable and Low Latency Communications)
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Features of 5G System Architecture

AService Based Architecture

I The architecture elements are defined as network functions
I Adopts principles like modularity, reusability and self-containment of
network functions

ACommon Core Network
I Enables to operate with different access networks
ANetwork Slicing
I Allows for controlled composition of a PLMN from the specified network
functions with their specifics and provided services that are required for a
specific usage scenario
AApplication Support

I A new QoS model enables differentiated data services to support diverse
application requirements

45



Vertical Applications

ANetwork Slicing
AEfficiency

APriority, QoS and Policy Control

Av2X (Vehicle to Anything) communication is a vertical
application that has influenced 5G requirements



R15 and R16 NR Milestones

RAN RAN RAN RAN RAN RAN RAN RAN RAN
#79 #80 #81 #82 #83 #84 #85 #86 #87
[D ec 201 7] Q4 Q1 Q Q3 4 Q Q2
Non-standalone Rel-15
NSA ASN.1
(NSA) 5G NR
RAN£79 endorsed the
mode for eMBB ...,
H and approved the
(Optl on 3) corresponding (Rs Rel-15 |
Freeze !
|
Until June WGs shall prioritize 1
Option-3 stabilization {only I
essential corrections allowed), ‘ ]
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 [DeC 20 18] Late
1 2018 completed by September ASN.1 drop .
: If Option 5is not Options 4, 7 are part of the late drop Shlfted by 3M
' completed by September
[June 2018] Standalone (SA) ASN.1drop it wilbepart

of the late drop

5G NR (Option 2) approved by
TSG #80 Plenary Meeting

A5G Non-Standalone (NSA): The existing LTE radio access and core network (EPC) is
used as an anchor for mobility management and coverage to add the 5G carrier

A5G Standalone (SA): A new 5G Packet Core comprising of 5G New Radio (5G NR) and
5G Core Network (5GC/NGE) is introduced with several new capabilities built inherently



3GPP Ongoing Releases

2017 2018 2019 2020

Release 14 | Technlcal
: | | | ' | | Spemﬂcaﬂons

Group (TSG)
\Plenary Meeting

Release 15 {5G Phase 1)

Earlydrop here
1

Reilease 16 (:SG Phase 2:)

Stage 1: an overall service descriptionf r om t he user 6s standpoint

Stage 2: an overall description of the organization of the network functions to map service requirements into
network capabilities

Stage 3: the definition of switching and signalling capabilities needed to support services defined in stage 1

ASN.1: Standard interface description for defining data structures

https://www.3gpp.org/specifications/67-releases 48



https://www.3gpp.org/specifications/67-releases

3GPP ASN.1

1 citt | itu-t (0)

LB —y identified-organization (4)
i -y etsi(0)
B —y mobileDomain (0)

AASN.1 (Abstract syntax notation)

ETSIEG 200 351

@) mobileDomainDefinitions (0) ETSIETR 091 . . g
) gomNetuork | umis Networ (1) 751 TR 081 i A standard mterf_ac_:e description
| @ gsm-Access (2) ETSIETR 091 language for defining data

- {3 gsm-Operation-Maintenance | umts-Operation-iMaintenance (3) ETSI ETR 091 . g
40y gsm-Messaging (4) ETsI ETR 094 structures that can be serialized

. @ charging (5)
@) umts-Access (20)

. £y eps-Access (21)

2123 modules (3)

-] s1ap (1)
B x2ap (2)
-] sbc-AP (3)
-] m2ap (4)
-] m3ap (5)
#-_] ppa (6)
[ ep (7)
-] xwap (8)
-3 slmap (50)

. £y ngran-access (22)

=1y modules (3)

-3 ngap (1)
-] xnap (2)
-3 flap (3)
(") nrppa (4)
3 elap (5)

3GPP TS 36.413
JGPP TS 36.413
3GPP TS 36.413
3GPP TS 36.423
3GPP TS 29.168
3GPP TS 36.443
3GPP TS 36.444
3GPP TS 36.455

3GPP TS 36.463
3GPP TS 36.45%
3GPP TS 38.413
3GPP TS 38.413
3GPP TS 38.413
JGPP TS 38.423
3GPP TS 38.473
3GPP TS 38.445
3GPP TS 38.463

and deserialized in a cross-platform
way (Wiki)
AObiject identifiers maintained by
ETSI EG 200 351
I ccitt|itu-t / identified-organization
/ etsi / mobileDomain

| eps-Access
/ ngran-access

not in 3GPP TS 36.356

https://webapp.etsi.org/ASN1ObjectTree/ASN1.asp 49



https://webapp.etsi.org/ASN1ObjectTree/ASN1.asp

Rel. 15
Rel. 16
Rel. 17
Rel. 18

Non stand-
alone 5G
(N-SANR)

3GPP Release Timetable

Stand- 5G Late

alone 5G Drop
(SANR)

Rel. 16
Architecture
Freeze

Start/Ongoing
Normative Requirements,
Architecture Studies

Rel. 16 |Rel. 16
Protocol
Freeze | Freeze

Requirements

Freeze & Architecture

Timeline Fix

Rel. 18
Requirements
Initial Input

Rel. 17

Freeze

Rel. 17 |Rel. 17
Protocol
Freeze |Freeze
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5G Radio Access Roadmap

Gradual migration

Existing spectrum New spectrum

111 I 11—
1GHz 3GHz 10GHz 30GHz 100GHz 1GHz 3GHz 10GHz 30GHz 100GHz

ATwo tracks
I Evolution of LTE (Non Standalone)
I New Radio (NR, LTE-5G)
A Free from backward compatibility requirements / network slicing
A Targeting spectrum at high (mm-wave) frequencies
ATwo main features
I FD-MIMO (Full-Dimension)
I Unlicensed operations 51




5G NR

AFrequencies

I FR1: Lower frequencies (below 6 GHz)
I FR2: Higher Frequencies (above 24 GHz)

AEnabling Technologies

Scalable Numerology Flexible Frame Advanced Channel Enhanced MIMO Beam Forming
Structure Coding

Single framework for Forward compatible LDPC for high through- Higher spectral mmWave support
f.=sub 1-GHz — 50+ GHz  design put low latency data efficiency Enhanced coverage
Low latency* Flexible TDD channels. MU-MIMO support
* One way latency ~ 1ms Polar codes for control
channels.
NR Light Multi-SIM lloT/URLLC NR-U
enhancements Enhancements
Small data NR Multicast/ MIMO Power saving
Enhancements Broadcast Enhancements Enhancements
Sidelink Coverage NTN Enhancements Data collection
Enhancements Enhancements Enhancements
Above 52.6 GHz NB-loT IAB Enhancements  Positioning
Enhancements Enhancements

https://www.3gpp.org/news-events/partners-news/2061-atis-webinar-%E2%80%93-5g-standards-development 52



https://www.3gpp.org/news-events/partners-news/2061-atis-webinar-%E2%80%93-5g-standards-development

5G/NR MmWave Bands

S5G/NR — mmWave

Band Frequencies [GHz] BW [MHz]| Duplex mode

n257 26.5-29.5 50400 TDD
n258 24.25-27.5 50400 TDD
n260 37.0-40.0 50—400 TDD

TBD 37.0-43.5 50-400 TDD




5G/NR Spectrum Below 6 GHz

Band Frequencies [MHz] BW [MHz] Duplex mode

n77 3300-4200 10-100 TOD
n78 3300-3800 10-100 TOD
n79 4400-5000 40-100 TOD
ng0 1710-1785/N/A 5-30 SUL
ng1 880-915/N/A 5-20 SUL
ng2 832-862/N/A 5-20 SUL
ng3 703-748/N/A 3-20 SUL

n84 1920-1980/N/A 5-20 SUL




5G/NR Re-farmed Spectrum

Band Identifier Frequencies [MHz] BW [MHz]
nl IMF Core Band 1920-1980/2110-2170 5-20
n2 PCS 1900 1850-1910/1930-1990 5-20
n3 1800 1710-1785/1805-1880 5-30
nS 850 824-849/869-894 5-20
n7 IMF Extension 2500-2570/2620-2690 5-20
n8 900 880-915/925-960 5-20
nl3 US 700 Upper C TT17-T87/746-756 thd
n20 CEPT800 832-862/791-821 5-20
n25 PCS1900G 1850-1915/1930-1995 thd
n26 E850 Upper 814-849/859-894 thd
n28 APT 700 703-748/758-8035-20 5-20
n34 TDD 2000 Upper 2010-2025 thd
n38 IMF Extension Gap 2570-2620 5-20
n39 China TDD 1900 1880-1920 thd
n40 TDD 2300 2300-2400 thd
n4l TDD 2600 2496-2690 10-100
n50 TDDL-band 14321517 5-80
nS51 TDDL-band, local 1427-1432 5
n66 AWS Extension 1710-1780/2110-2200 5-40
n70 AWS-3/4 1695-1710/1995-2020 5-25
n71 US 600 663—-698/617-652 5-20
n74 FDDL-band 1427-1470/1475-1517 5-20
n75 Extended SDL L-band N/A/1432-1517 5-20
n76 Extended SDL L-band, local N/A /1427-1432 5
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5G Trials T Snapshot April 2018

5% .

m 1 GHz to 6 GHz

m>6 GHz to 24 GHz
m>24 GHz to 29.5 GHz
m 3/ GHzto 40 GHz

m 60 GHz to 90 GHz
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Key 5G Features from 4G

AEssentially 5G had to support almost everything that 4G did

I The 5G system shall support all EPS capabilities

Ae.g., from TSs 22.011, 22.101, 22.278, 22.185, 22.071, 22.115, 22.153, 22.173

AWith the following exceptions:

I Circuit Switched (CS) fallback to GERAN or UTRAN

I Seamless handover between 5G-RAN and GERAN

I Seamless handover between 5G-RAN and UTRAN

I Access to a 5G core network via GERAN or UTRAN

57



Key 5G Features from Telecommunication Industry

AService Based Architecture (SBA)

ANetwork Slicing

AUser Plane/Control Plane (UP/CP) separation
Alntegration of cloud/edge computing

AFlow based QoS

AEnhancements
I RRC-Inactive
I Latency reduction features
I Non-Access Stratum (NAS) capability indication
I Security aspects

AEvolved Packet Core (EPC) enhancements to support 5G New Radio via

Dual Connectivity

I QoS enhancements

I Usage restriction

I Selection of Serving Gateway (SGW) / PDN Gateway (PGW) optimized for NR
I Security aspects
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5G System Architecture
(Non-Roaming Service-Based)

NSSF NEF NRF PCF UDM AF

ans]:( NnefT_ Nnrf‘ NpCfT NUme ‘ Naf
Nausfl Namfl Nsmf!

AUSF AMF SMF

UE / (R)AN N3 UPF ——N6—

DN

Lo

The non-roaming reference architecture with service-based interfaces used

within the Control Plane (TS23.501)




5G Architecture Options (TR38.801)

/Option 1 (legacy) I /Option 3 EN-DC Option 3a O
EPC EPC EPC
Sl-C':‘ T SiU Sl-C‘g‘ TS1-U Sl-C‘g— TSI-U - SI-U
| I I

LTE eNB LTE eNB oNB LTENB | ————- oNB

~
N\

n eLTE eNB eLTE eNB n

eLTE eNB eLTEeNB ﬂ eLTE eNB




4G/5G Control Plane Protocol Stack

4G (Option 1)

NAS NAS
Relay
RRC RRC S1-AP S1AP
PDCP PDCP SCTP SCTP
RLC RLC IP IP
MAC MAC L2 L2
L1 L1 L1 L1
S1-MME
5G (Option 2)
Session Management
NAS-SM NAS-SM
Mobility Management Relay
NAS-MM NAS-MM
Relay
NG-AP NG-AP
TP TP
5G-AN 5G-AN SC SC N11 N11
Protocol Protocol IP IP
Layer Layer
L2 L2
L1 : L1 ‘
UE 5G-AN N2 AMF N1l SMF
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4G/5G User Plane Protocol Stack for 3GPP Access

4G (Option 1)

5G (Option 2)

SGi

62

Application
P P
PDCP Relay Relay GTP-U
PDCP GTP-U GTP-U | GTP-U
RLC RLC UDP/IP UDP/IP | UDP/IP UDP/IP
MAC MAC L2 L2 L2 L2
L1 L1 L1 L1 L1 L1
L'IE'E-Uu Sf-U SS}SS
UE eNodeB Serving GW PDN GW
Application
PDU Layer PDU Layer
Relay r: ~_  Relay _ -1
GTRU GTPU ~~ GTRU GTRU
5GAN 5GAN | 0 i |
Protocol Protocol UDP/IP UDP/IP UDP/IP UDP/IP
Layers Layers Fm——————————
L2 i L2 L2 L2
—————————— -
L1 :_ L1 L1 L1
UE 5GAN UPF UPF
(PDU Session Arichor)
N3 N9

N6



E-UTRAN for Dual Connectivity (DC) (TS36.300)

MCG Split G
Bearer Bearer Bearer
st sl
4 N\ 4 N\
X2
PDCP PDCP PDCP |
l [ |
RLC RLC RLC RLC 2 % o
l [ | I CE () (s “ ()
MAC MAC 6m é [5 é
L MeNB ) L SeNB ) e _yoo __ al %2-U
MeNB SeNB MeNB SeNB
Radio Protocol Architecture C-Plane U-Plane

A Three bearer types exist
I MCG bearer (Master Cell Group)
I SCG bearer (Secondary Cell Group) and
I Split bearer

ANetwork Interfaces

I C-Plane: by means of X2 interface signalling
AThere is only one S1-MME connection per DC UE between the MeNB and the MME

I U-Plane: two different user plane architectures are allowed
AOne in which the S1-U only terminates in the MeNB and the user plane data is transferred from MeNB to

SeNB using the X2-U, and

AA second architecture where the S1-U can terminate in the SeNB 63



E-UTRAN for LWA (LTE-WLAN Aggregation)

MCG Split TG
Bearer Bearer Bearer
S1 S1L
e N N
| pocp || Pocp | | PDCP |
I I
[ rc |[ ric | rRic |[ ric |
| | T T
| MAC | MAC |
L MeNB ) SeNB )
LTE Solit LWA Switched LWA
Bearer Bearer Bearer
Sl S
4 N R
PDCP PDCP PDCP
| | | Xw
RLC RLC LWAAP
MAC WLAN WLAN
eNB WT
\_ J __
Collocated Non-Collocated

Radio Protocol Architecture

C-Plane

((é)/
X2-U

S-GW

(8)

SeNB

U-Plane
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Multi-RAT Dual Connectivity (MR-DC) (TS37.340)

AMR-DC: two different nodes connected via non-ideal backhaul, one providing

E-UTRA access and the other one providing NR access

I One node acts as the MN and the other as the SN

I The MN and SN are connected via a network interface and at least the MN is
connected to the core network

AMR-DC with the EPC

I E-UTRAN supports MR-DC via E-UTRA-NR Dual Connectivity (EN-DC) [Option 3]

AA UE is connected to one eNB that acts as a MN and one en-gNB that acts as a SN
T The eNB is connected to the EPC via the S1 interface and to the en-gNB via the X2 interface
T The en-gNB might also be connected to the EPC via the S1-U interface and other en-gNBs via the X2-U
interface

AMR-DC with the 5GC

I NG-RAN supports NR-E-UTRA Dual Connectivity (NE-DC) [Option 4]

AA UE is connected to one gNB that acts as a MN and one ng-eNB that acts as a SN
T The gNB is connected to the 5GC and
T The ng-eNB is connected to the gNB via the Xn interface

I NG-RAN supports NG-RAN E-UTRA-NR Dual Connectivity (NGEN-DC) [Option 7]

AA UE is connected to one ng-eNB that acts as a MN and one gNB that acts as a SN
T The ng-eNB is connected to the 5GC and
T The gNB is connected to the ng-eNB via the Xn interface

MR-DC with the5GC is not completeandis targetedfor completionn DecembeR018
Agreementfor MR-DC, V15.4.0 (201812) 65




EN-DC Overall Architecture

MME/S-GW MME/S-GW

> EPC

© E-UTRAN

en-gNB: node providing NR user plane and control plane protocol terminations

towards the UE, and acting as Secondary Node in EN-DC (TS 37.340 Clause 4)
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DC and EN-DC

DC

MCG Split LG
Bearer Bearer Bearer
S1 S1
4 N 4 N
X2
| pocp || Pocp | | PDCP |
|
[ rc |[ ric | [ ric |[ ric |
| | |
| MAC | | MAC |
S MeNB ) S SeNB )
EN-DC
MCG G lit Split MCG G
Bearer Bearer Bearer Bearer Bearer Bearer
A e T
E-UTRA/ | NR PDCP | | NR PDCP | | NR PDCP | | NR PDCP | | NR PDCP |
NR PDCP X2
/1 T\
A" 1\ T\
+ ]
E-UTRA E-UTRA | |eutrall EUTRA NR NR
RLC RLC RLC || RLC ree | ric NR RLC NRRLC
| | | | | | | |
E-UTRA MAC | NR MAC
MN N

Radio Protocol Architecture

M‘ME
(« >r§n (E)
é — ————— X2-C- — —
MeNB SeNB
MME
(2 (g
é —————— X2-C- — — ===
MeNB en-gNB
C-Plane

X2-U
MeNB SeNB
S-GW
ﬂ\@z\
((5(: O ((é))
X2-U
MeNB en-gNB
U-Plane
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5G NSA (Release 15)

AFocus on eMBB, and Options 3 and 2
AThree models of NSA with EN-DC

I Option 3 71 Traffic split at eNB
I Option 3a i Traffic split at S-GW

I OptionGption 3

EPC

Option 3a

31-ch— —S1-U

EPC

LTE eNB

Option 3x

gNB

EPC

51-ch—

7T S1-U

LTE eNB

gNB

s1-c4|— —+S1-U

LTE eNB

7T Si-U

gNB
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Release 16

ASA1 requirements went into much greater detail on the support

for verticals in 5G

I Cyber-physical control applications in vertical domains (CAV)
I LAN support in 5G (5GLAN)

I 5G positioning services (HYPOS)

I Integration of Satellite Access in 5G (5GSAT)

A3GPP SA also made a decision to focus new work on the 5G

system rather than evolving the 4G system further
I Exceptions may apply

ASome work continued in both 4G and 5G to enable verticals
I Remote ldentification of Unmanned Aerial Systems (ID_UAYS)
I Improvement of V2X service Handling (V2XIMP)

Source: https://www.atis.org/01 news_events/webinar-pptslides/5g-slides7312019.pdf

69


https://www.atis.org/01_news_events/webinar-pptslides/5g-slides7312019.pdf

Release 17

AThe pace of 5G development is slowing in SA1; more
evolution, less revolution
AVerticals are still contributing:
I Audio-visual production, AR/VR, online gaming, edge
services
AKey features are still to be determined but expect the

following:

I Strict KPIs on audio/visual sync
I High bandwidth Sidelink

I Multi-hop UE to network relays
I Enhanced integrated Edge

Source: https://www.atis.org/01 news_events/webinar-pptslides/5g-slides7312019.pdf
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Some Release 17 Feature or Study ltems

AEnhancements for cyber-physical control applications in vertical
domains (eCAV)

A5G Enhancement for UAVs

AComplete Gap Analysis for Railways Mobile Communication
System (MONASTERYEND)

AAudio-Visual Service Production (AVPROD)

I Requirements for using 5GS for the production and contribution of audio-
visual content and

ANetwork Controlled Interactive Service (NCIS)
I Specify KPIs for interactive service

ASupport for Multi-USIM Devices (MUSIM)
AMultimedia Priority Service (MPS) Phase 2 (MPS2)

Full list: https://www.3gpp.org/dynareport/TSG-WG--S1--wis.htm?ltemid=438

Source: https://www.atis.org/01 _news_events/webinar-pptslides/5g-slides7312019.pdf
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https://www.atis.org/01_news_events/webinar-pptslides/5g-slides7312019.pdf

Outlook to Future Requirements

ALAN support in 5G

ACommunication for automation in vertical domains

AUsing satellite access in 5G

A5G message service for massive 10T

APositioning use cases

AEnhancements to IMS for new real time communication
services

AL ayer for centric identifiers and authentication



Outline

ASyllabus

Alntroduction to Cellular/Mobile Networks
I Past and Present: 1G to 4G

AOverview of 5G
I ITU-R IMT-2020 Requirements
I Features of 5G
I 3GPP Standardization

Alntroduction to 3GPP 5G Specifications
¢ 5GRequirements and Key Performanoéicators
¢ The5G System Architecture
¢ 5G NR Radio Interface
¢ 5G Radio Access Network ({RAN)
¢ 5G CoreéNetwork
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Mobile data traffic

Projected Growth of Mobile Data

A I
|
e Growth
assumption =
. x2.1/year
| )
e Growth
assumption =
\  x15/year

|
Actual 2010 to 2015 |
and prediction |

1

X24
From 2010

X1000
From 2010

1

2010 2015

2020 2025
Source: ARIB
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The Concept of Slicing

GaE TEEN TN I TEEE TEEE I I TS TS T T T .-

3GPP operator’s network

Critical MTC Slice

Massive MTC Slices

MBB Slice

- ——

e s e e e SEE SEE SEE SEE SEE SEe SEm smm
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Diverse Mobility Management

A Sationary during their entire usabléfe

- e.g., sensors embedded imfrastructure
A Stationaryduring active periods, but nomadic betweantivations

- e.g., fixed access

AMobile within a constrained and wetlefinedspace

- e.g, in afactory

AFRully mobile
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Connectivity Modes for Devices

Application
3GPP Server
Network

ndirect 3GPP
connection

={

Direct device
connection
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5G Performance Requirements

AHighdatarate
ATraffic density
AHigh reliability

ALow latency
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5G Require High Data Rate and Traffic Density

Area
Experienced Traffic Area
Data Rate Experienced Capacity Traffic Overall
(Down-  Data Rate  (Down- Capacity User

Scenario link) (Uplink) link) (Uplink)  Density UE Speed
Indoor 1 Gbps 500 Mbps 15 2 250 Pedestrians
hotspot Tbps/km?  Tbps/km?  000/km?
Dense urban 300 Mbps 50 Mbps 750 125 25 Pedestrians
Gbps/km®  Gbps/km® 000/km®  and users in
vehicles
(up to 60
km/h)
Urban 50 Mbps 25 Mbps 100 50 10 Pedestrians
macro Gbps/km?  Gbps/km?  000/km®  and users in
vehicles
(up to 120
km/h
Rural macro 50 Mbps 25 Mbps 1 500 100/km?  Pedestrians
Gbps/km®  Mbps/km? and users in
vehicles
(up to 120
km/h
Broadband 25 Mbps 50 Mbps 3,75 7.5 500 Pedestrians
in a crowd Tbps/km®  Thps/km®  000/km*
Broadcast- Maximum  Modest N/A N/A I5TV Stationary
like 200 Mbps  (e.g., 500 channels to in
services (TV kbps per of 20 vehicles
channel) user) Mbps (up to 500
km/h)
High-speed 50 Mbps 25 Mbps 15 7.5 1000/train ~ Users in
train Gbps/train  Gbps/train trains (up to
500 km/h)
High-speed 50 Mbps 25 Mbps 100 50 4000/km? Users in
vehicle Gbps/km?  Gbps/km? vehicles
(up to 250
km/h)
Airplanes 15Mbps  7,5Mbps 1.2 Gbps/ 600 400/plane  Users in
connectivity plane Mbps/ airplanes
plane (up to 1000 79

km/h)




5G Require Low Latency and High Reliability

Communication User

End-to-End Service Experienced Connection Service Area
Scenario Latency Availability Reliability Data Rate Density Dimension
Discrete 1 ms 99,9999% 99,9999% 1 Mbps 100 000/km* 100 = 100 x 30 m
automation — to 10 Mbps
motion
control
Process 50 ms 99 99999, 99 99999, I Mbps 1000/km” 300 = 300 = 50m
automation — to 100 Mbps
remote
control
Process 50 ms 99.9% 99.9% 1 Mbps 10 000/km* 300 x 300 x 50
automation —
monitoring
Electricity 25 ms 99.9% 99.9% 10 Mbps 1000/km* 100 km along
distribution — power line
medium
voltage
Electricity 5 ms 99,9999% 99,9999% 10 Mbps 1000/km~ 200 km along
distribution — power line
high voltage
Intelligent 10 ms 99,9999% 99,9999% 10 Mbps 1000/km* 2 km along a road
transport —
infrastructure
backhaul
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Vertical Applications

ANetwork Slicing
AEfficiency

A Priority, QoSand PolicyControl

E V2X (Vehicle to Anything) communication is a vertical applicétiain
hasinfluenced 5G requirements
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Outlook to Future Requirements

ALAN support ibG

- Aimsto support 5G LANype services over the 5€ystem
- Inthis context, 5G LAMpe services allow a restricted set of devices to communicate
amongst each other using Ethernet style dansport
ACommunicatiorfor automation in verticalomains
- ldentifieskey performance indicators for various vertical use cases.
Communication for vertical sectors may take place in separate, privately owne
networks

AUsing satellite access %G
- A studyon how to integrate satellite communication with land basedrigBvorks
- Anexample is how to support network selection when multiple land based mobile
networks share a common satellite bassctess
A5G message service for masdio®
- Aimsto specify a light weight message service that can be used between (grc
of) devices obetweendevices and applicatioservers



Outlook to Future Requirements (Cont.)

A Positioningusecases
- ldentifiesnew use cases, their scope and environment of use along with the
related key performancendicators
- Requirementsan be achieved with a combination of 3GPP and3GRP
positioningtechnologies
AEnhancements to IMS for new real time communication services
- For new real time communication services identifies a number of use cases (i

AR/VR)where IMS and/or mission critical specifications need to be enhanced
new 5G real time communication services

ALayer for centric identifiers arauthentication
- Aimsto enable network operators to become identyoviders

- Usecases include how to use the new user identifier within 3G Fsystem
- e.g to provide customized services and how to provide this identifier to external par
to enable authentication for systems and services out8G¢& P



Outline
A Syllabus

A Introduction to Cellular/Mobile Networks
- Past and Present:Gto 4G

AOverview of 5G
- ITURIMT-2020 Requirements
- Features of 5G
- 3GPPRstandardization

AlIntroduction to 3GPP 5G Specifications
- 5GRequirements and Key Performariodicators
- The5G System Architecture
- 5G NR Radio Interface
- 5G Radio Access Network ({RAN)
- 5G CoreéNetwork
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5G System

AFirst published in 3GPP Release 15 in December 2017
AThe complete description is provided by the 3GPP

specifications
- TS 23.501
- TS 23.502
- TS 23.503

AThese 5G stage 2 level specifications include
- Overall architecture model and principles
- Support of broadband data services
- Subscriber authentication and service usage authorization
- Application support in general and specifically for applications closer to the radio
as with edge computing

AThe 5G system architecture model
I Uniformly enables user services with different access systems, like fixed network
access or interworked WLAN, from the onset
i Provides interworking with and migration from 4G, network capability exposure
and numerous other functionalities
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Service Based Architecture

AThe 3GPP 5G system architecture is service based - the
architectural elements are defined as network functions that
offer their services via interfaces of a common framework to
any network functions that are permitted to make use of these

provided services

I Adopts principles like modularity, reusability and self-containment of
network functions

I Reference point based architecture figures are also provided by the
stage 2 specifications, which represent more specifically the interactions
between network functions for providing system level functionality and to

show inter-PLMN interconnection across various network functions
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5G Service-Based Architecture

AGeneral network functions for discovery and storing contexts
I Network Repository Functions (NRF) allow every network function to discover the services

offered by other network functions
T Network functions may store their contexts in Data Storage Functions (DSF)

Network

Slice Network Network  Policy Unified Network

Selection Exposure Repository Control  Application Data Repository

Function Function Functions Function Function Management Functions
NSSF ™ NEF ™M NRF ™M PCF AF Eg;g”w UDM NRF

Protection
Proxy Nudm

hSEPP

Nnssf Nnef Nnrf Npcf Nnrf

Namf ; Nausf Npcf Nnef
I\A/I((:)Cb?I?; ertr?ecli | ' Session I é_Uthentication
= Management | erver
Function AMF SMF N ciion ! Function AUSF PCF NEF
' E \/ Netwo
N1 N4 VPLMN ! HPLMN Control  Exposure
(Visited PLMN) ! (Home PLMN) Function  Function
UE : UPF ™ (M Public Land MobilelNetwork (PLMN)
: ‘N6 |
User Plane Data

Function Network 87



Common Core Network

ATo enable 5G common Core Network to operate with different Access

Networks
I The generalised design of the functionalities and
i Aforward compatible Access Network T Core Network interface
Aln 3GPP Release 15 these are
I The 3GPP defined NG-RAN and
I The 3GPP defined untrusted WLAN access
I Other access systems that may be used in future releases
AFeatures
i Allows for serving both Access Networks by the same AMF and thereby also for
seamless mobility between those 3GPP and non-3GPP accesses
I The separated authentication function together with a unified authentication
framework are for enabling customization of the user authentication according
to the needs of the different usage scenarios, e.g. using different authentication
procedures per network slice
I Most of the other 5G system architecture functionality introduced by this article is

common for different Access Networks
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Network Slicing

AA distinct key feature of the 5G system architecture

Aa network slice refers to
I The set of 3GPP defined features and functionalities that together
I Form a complete PLMN for providing services to UEs

ANetwork slicing allows for
I Controlled composition of a PLMN from the specified network
functions with
I Their specifics and provided services that are required for a
specific usage scenario

AComparison

I Earlier system architectures enabled typically rather a single
deployment of a PLMN to provide all features, capabilities and
services required for all wanted usage scenarios

I Network slicing enables the network operator to deploy multiple,
iIndependent PLMNs where each is customized by instantiating
only the features, capabilities and services required to satisfy the
sub:aet of the served users/UEs or a related business customer
needs
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Abstract Representation of

a Network Deploying Network Slices
v w5 - N 7 TR

Smartphone Slice 1 (e.g. for the network operator’s subscribers) :

Smartphone Slice 2 (e.g. for a virtual operator’s subscribers)

Vehicle Services Slice 1 (e.g. for a truck manufacturer’s fleet assistance)

M2M Service Slice 1 (e.g. for a goods or container tracking system)

Overall operator network (PLMN) domain
_ (Radio) Access _ Data Network
\UE domain J K Network domain j E)re Network domaan K/ applications j

An example of a PLMN deploying four network slices,
each includes all what is necessary to form a complete PLMN

* The M2M network slice could offer UE battery power saving features unsuitable for smartphone

slices, as those features imply latencies not acceptable for typical smart phone usages 90



Network Functions Composing Network Slices

3GPP deployments using network slicing .%7\5’

nnnnnnnnnnnnnnnnn

ANetwork slice #3 is a straightforward deployment where all network
functions serve a single network slice only

AA UE receives service from multiple network slices, #1 and #2

- Slice #1 provides the UE with data services for Data Network #1

- Slice #2 for Data Network #2
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Application Support

AData services are the basis of the application support

I Offer considerably more flexibility for customization

AA main part of this is the new QoS model of the 3GPP

5G system architecture
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QoS Model of the 3GPP 5G System Architecture

__ Data packets from applications

n n ‘ 0o n ,{{-7-)7{_7_!_,./-"" ‘"“'-\,.,‘_7_\_1-7-‘-7- O N oM ‘— r
T LT T B v 1 O B o

QoS rules VAVAVAVAY,
- (mapping UL packets to QoS flows o
== and applying QoS flow marking)

to AN

1 SDF templates
I w Resources

(classify packets to SDFs)
for QoS flow marking

QoS flow N
' (all packets marked with
N 4 __— thesame “QoS flow ID") 7\
- 1 | | | |
Mapping QoS - - -
//‘ flows T -

)

\

A 4
‘ AN Resources ’ PDU session
UE

AN UPF

A Enables differentiated data services to support diverse application requirements while using
radio resources efficiently

i Service Data Flows (SDF) denote user plane data that certain QoS rules apply to
A The actual description of SDFs is using SDF templates

A Further, designed to support different Access Networks, including fixed accesses where QoS
without extra signaling may be desirable

I Standardized packet marking informs QoS enforcement functions what QoS to provide without any QoS
signaling

A While the option with QoS signaling offers more flexibility and QoS granularity
A Furthermore, symmetric QoS differentiation over downlink and uplink is supported with minimal
control plane signaling by the newly introduced Reflective QoS 93



Session and Service Continuity (SSC) Modes

AA large part of the functionality providing data connectivity
Is for supporting flexible deployment of application
functions In the network topology as needed for edge
computing, which is supported

- via three different Session and Service Continuity (SSC) modes
- via the functionality of Uplink Classifiers and Branching Points

AThe SSC modes include the more traditional mode (SSC 1)

and two new modes (SSC 2 and 3)

I Traditional mode (SSC mode 1)

AWhere the IP anchor remains stable to provide continual support of

applications and maintenance of the path towards the UE as its location is
updated

I Break-before-make (SSC mode 2)
I Make-before-break (SSC mode 3)
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Session and Service Continuity Modes

Session and Service Continuity (SSC) modes

) :
D|p1 B IP1
- P2

SSC mode 1 SSC mode 2 SSC mode 3

Break-before-make Make-before-break

The architecture enables applications to influence selection of
suitable data service characteristics and SSC mode
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Continuation of the Work

AThe delivered stage 2 level specifications define the
3GPP 5G system from an overall, architectural

perspective

I The related work in the RAN, security, OAM and CT working
groups continued with some specific stage 2 level aspects

and with delivering stage 3 level specifications until June
2018

ASpecification work in 3GPP is a continuous process.

More and up-to-date Iinformation can be found at
3GPP.org
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Outline

ASyllabus

Alntroduction to Cellular/Mobile Networks
I Past and Present: 1G to 4G

AOverview of 5G
I ITU-R IMT-2020 Requirements
I Features of 5G
I 3GPP Standardization

Alntroduction to 3GPP 5G Specifications

¢ 5G Requirements and Key Performance Indicators
¢ The5G System Architecture

¢5G NR Radio Interface

¢ 5G Radio Access Network ({RAN)

¢ 5G CoreéNetwork
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3GPP 5G NR Standards Process
In the Context of IMT2020

Enhanced mobile broadband
eMBB

Gigabytes in a second _I_.

Smart home/building

3D video, UHD screens
;; Work and play in the cloud

Augmented reality
; Industry automation
\oice . — Mission critical application

Smart city Self driving car
Future IMT
mMMTC . URLLC
Massive machine type Ultra-reliable and low latenc
communications communications

5G Use Case Landscape (ITU-R M.2083, 2015)



Sept

2019 Mar

o |

IMT-2020 Submission T Time Plan

Sept

2020

WP 5D #28 #30 #31 bis #32 #33
3-11 Oct 13-20 Jun 11-15 Feb 9-17 Jul 9-13 Dec
| 5G PHASE 1 | t | 5G PHASE 2 |
i Rel 15 E ! Relle |
2017 Mar Sept 2018 Mar ' Mar Jun Sept 2020
#77 #79 #83 #85
3GPP RAN PLENARY 11-14 Sept 19-22 Mar 10-13 Sept 18-21 Mar 16-19 Sept
#78 #80 #82 #84 #86
18-21 Dec 11-14 Jun 10-13 Dec 3-6 Jun 9-12 Oct

Overall time plan for 3GPP technology submissions to IMT2020




Design Criteria and Requirements

AFor Enhanced Mobile Broadband (eMBB)
- 100Mbps user experience data ratand
- Areatraffic capacity of 1Mbps/m?
- 3 times spectral efficiency improvement as compared®

AFor Massive Machine Type Communications (mMMTC)

- Connectiordensity is expected to reach 1,000,000 deviceskpet
- 1 devicem?

AFor Ultra Reliable Low Latency (URLLC)
- 1 mslatency with very high reliability (99.999
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Key Capabillities of 5G Networks

_ Peak sh importan,... User experienced
Enhanced mobile data rate data rate

broadband
‘ Spectrum
Areatraffic e \ ecfficiency
capacity :
Networ!c Mobility
energy efficiency
. . Ultra-reliable
Massive machine and low latency
type communications communications

Connection density Latency
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5G NR Radio Interface

APhysical Layer Structure
Alnitial Access and Mobility
AChannel Coding ardodulation
AScheduling and Hybrid ARQ
AMIMO

echnology Components
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Physical Layer Structure

Aln NR, similar tbTE

- Aradio frame is fixed to be 1@s

- Which consists of0 subframes each dfms

ANRsupports scalablaumerology covering wide range of services

andcarrier frequencies

- Different from LTE which has a fixedbCarrier SpacingSCyfor 15 kHz
- fo=15 kHz 2™, wherem={,1,2,3,4, i.e.,f o= {15,30,60,120,24%kHz

- Sub6 (6 GHz of lower): 18Hz, 30 kHz and 6(Hz

- Above 6 GHz: 6kHz, 120 kHz and 24Biz
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Subframe Duration

AThe subframe duration dfmsis based on 15 kHz reference
numerology with 14 symbols per subframe for the casEaimal
Cyclic PrefiXNCPH
- Itis also called a slot for 15 kHz SCS
- For other SCSs, Bymbol per slot is always assumed KL P

(except for 240 kHz, where Z8%mbol per slot is assumed for NCP

Alllustration ofnestedRBstructureacross numerologies

- A30 kHz SCS has a slot duratmdi®.5ms, which can be mapped to two slots
(each of 0.25ns) for a 60 kHBCS

- Moreover, frequencyalignment within the channel is also achieved via
nestedResource Blockfr RBs, each of 12 frequenegonsecutive tones)
structure acrossumerologies

RB partition with 8/; RBO RB1
RB partition with 4/, RBO RB1 RB2 RB3
e e e
RB partition with 21; RBO RB1 RB2 RB3
RB partition with £, RBO | RB1 [ RB2 | RB3

~104
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NR Supports Up to Two DL/UL Switching Points in a Slot

AZeroswitching poinwithin aslot
- WhichA YLX AS& mMn W5[Q aéyYoz2f asymbeisi WT ¢
- Theflexible symbols can be dynamically andgpEcifically indicated for DL or U
symbols based on actuaked

AOne switching poinwithin aslot
- Whichstarts with zero or more DL symbols and ends with zero or more UL
adyYoz2fazr gA0K ySOSdetwedhlE WTFf SEAOCE SO
ATwo switching pointwithin aslot
- Wherethe first (or second) 7 symbols start with zero or more DL symbols anc
SYRa ¢6AGK 4G tSradg 2yS '[ aevyozft
symbols inbetween
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Maximum Channel Bandwidth

AThe maximum channéandwidth supportedy NR is 100 MHz for
sub-6 and400 MHzotherwise

- Notethat the maximum supported UL/Bdhannel bandwidthn the same

band can balifferent

ATheminimum channebandwidth is5 MHz for suk6 and 50 MHz

otherwise
- Newmaximumchannel bandwidthsif necessary, can be added in future
releases as NRdesigned toensure forwardcompatibility

- Thechannel bandwidth of a cell that cde utilizedfor communications is as

high as 9%



Initial Access and Mobillity

ANR supports up to 1008 physical cell identities, twice as many as
of LTE

Alt follows a similar twestep cell identification procedure as in LTE, \
detection ofprimary synchronization signal (P@8¢secondary
synchronization signal (9SS

ATimesynchronization (in terms of symbiglvel and slofevel) and
frequency synchronization are also realizedR&65/SSS
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Master Information Block (MIB) for Initial Access

AMaster information block (MIB) of a cell is detected via a channe

calledprimary broadcast channel (PBCH
- Systemframe number (SFN) synchronization is acquaecordingly

APBCHIemodulation enables reception of subsequent physical
downlink control channels (PDCCH) and physical downlink shar

channels (PDSQH

- Whichschedule remaining minimum system information (RMSI), other
system information (OSI), and pagimgssages
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SS Block and SS Burst Set

20
19
18
17
16
15
14
13
12
11
10

A For initial access, an essential building block callec
Synchronization Signdlock (SSH$ defined
-A4-symbol SSB consists of ayimbol PSS,

a 1-symbol SS&nd
a 2-symbol (and a bit extréfBCH
-Frequency range

-sub-6 GHz: 15 kHz or 30 kHz for SSB

- above6 GHz: 120 kHz or 240 kHz &8B

AASS burst seis comprised of a set of ®®cks (SSB)
-Each SS burst set is limited to emSwindow
regardless othe periodicity, which cabe
{5, 10, 20, 40, 80, 16@sas indicatedn RMS|
configured for SS burskets
PSS PBCH SSS/PBCH PBCH -For initial cell selection, the SS busst periodicity
Is default at 20nsfor all frequencyrange

= N W R 0o

RBc Resource Block
PSS Primary Synchronization Signal

SSS Secondary Synchronization Signal

PBCH Primary Broadcast Channel

SSB Synchronizatiorsignal Block 109



Tones of SS

A Both thenumber of SS blocks fijthin a SS burst set and the location of SS burs

set withinthe 5mswindow depend on the carrier frequencgnge. Asan example
- Forcarrier frequency range up to 3 GHz, L =4
- Forcarrier frequency range from 3 GHz to 6 GHz, L =8
- Forcarrier frequency range from 6 GHz to 52.6 GHz64. =

A The number of possible PSS sequences is 3, each of a freglmmejnBPSK
length-127 Msequence
- SSSequence also has a length of 127 and & scrambled Msequence

A BothPSS and SSS are mapped tod®&ecutive tonesvithin 12 RBs, where amor
the 144 tones, 8 tones and 9 tonaee reservedn the two sidegespectively (144 -
8+ 127 + 9)
- A56-bit payload PBCHinCluding CRds mapped to a total of 24@nes

A PBCHhas atransmittime-interval (TT1) of 8Gns

- PBCHontents, including information sucds SFNSSB index, raster offset, default DL numerology,
RMSI configurationrDM-RSocation, etc., are updated every 8@s
- PSS$SSS, and PBCH alieoneport only and share the same port



Paging

AA UE is explicitlyignalledpaging occasiononfiguration
- e.g, time offset, duration, periodicitytc

APagingCORESET reuses the same configuration for ROISESET

ATwopaging mechanisms are supported:
- Pagings done via PDSCH scheduled PDCCH, both chantrelsamesl|ot
- Pagings done via PDCCH only, usefuldioort pagingmessages



Random Access (RA)

A Enables &JEto accesscell

Alt is performed by a 4tep procedure, similar thaTE

-aS&aarias m ow! OKFIgNBSt LINBFYoOofSoOY !
It is based orZadoffChu sequence with two sequence lengths, called long sequen
and short sequences
Both contentionbased RA (CBRA) and contentimee based RA (CFRA) are support
One or multiple SSBs can be mapped to one PRACH transmission occasion

L

L

L

- Message 2 (Random access response or RNBJ’H | 9
It carriesinformation such as TA commands, temporary ID, etc.

L

- Message JFirstt | { / | GNJ-)/éYgN&é)\Z)fL')Y 19 [Tb
It is scheduled by the UL grant in RAR

L

- Message 4 (PDCCH/PDS@QNBIH | 9



Differences between NR and LTE

A nghly symmetric properties in the downlink and uplink scheduling and HARQ
- Hybrid Automatic Repedequest (FEC + ARQ)

- InLTE, radio resource allocation schemesdaiferent between downlink and uplindue to
different multi access schemes, and downlink HARQ is basically asynchronous and ad
while uplink HARQ is synchronous armh-adaptive

- In NRalmost all scheduling and HARQ mechanisms are confbetween downlink and

uplink such as:
(1) radioresource allocatioschemes
(2) Rank/modulation/coding adaptations
(3) asynchronous and adaptive Hybrid ARQ

A High flexibility in the timedomain

- In LTE, time&lomain radio resources for scheduled data and/or HAgEdback arébasically
not informed by the scheduling B@Ind it is determined by the frame structure and the L
DLconfiguration

- In NR, the scheduling DCI basically includes-tioreain information of the scheduled date
(and timedomain information oHARQACKfeedback in case of downlink) where the time
domain information here refers to the combination of the scheduled slot, the start symk
position, and the transmissicduration
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Scheduling and Hybrid ARQ

n+ KO0 _',-'...::“"-, Slot n+K1 ".,-::-':.“.:I:::..::W
3 — ) e HARQ-ACK feedback
DCIY ) P DL scheduling DCI ‘I - 4 for DL data
DL data DL data HARQ‘ACK
n+K2 _
W 1 < i i NOTE: n is DCl transmission slot, n+K0, n+K1 and n+K2 are DL
i hecuine data, HARQ-ACK for DL data and UL data transmission slot
UL data

A NR can easily realize various operations

e.g., full/halfduplex FDD, dynamic/seratatic TDD, and unlicensed operatieic.

A SatisfR A T F S NBgyiiiementd Q &

e.g., loweratency, higher data rates
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NR Bands, Sub-carrier Spacing, Channel Bandwidth

Two frequency ranges are categorized
Frequency Range 1 (FR1) 450 MHzi 6 GHz and

Band Duplex Mode & 06 a | Uplink/Downlink (MHz) Channel bandwidths (MH

n77 TDD 3700 3300¢ 4200 10, 20, 40, 50, 60, 80, 10(
n78 TDD 3500 3300¢ 3800 10, 20, 40, 50, 60, 80, 10(
n79 TDD 4700 4400¢ 5000 40, 50, 60, 80, 100

Frequency Range 2 (FR2) 24.25 GHzi 52.6 GHz

Band ¢ f(GHz) 4 Common name ¢ Subset of band ¢ | Uplink / Downlink(® 'l (GHz) ¢ = Channel bandwidths®! (MHz) ¢

n257 26 LMDS 26.50 - 29.50 50, 100, 200, 400

n258 24 K-band 24.25 - 27.50 50, 100, 200, 400

n260 39 Ka-band 37.00 —40.00 50, 100, 200, 400

n261 28 Ka-band n257 27.50 —28.35 50, 100, 200, 400
Prefixino with Arabic numer al s I S used to

bands labelled in Arabic numerals and UTRA bands labelled in Roman numerals
https://en.wikipedia.orgwiki/ 5G NR frequency bands
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Overview of RRM Core Requirements

AThe SS/PBCH block (SSB) burst consists of multiple SSB-s,
which are associated with the different SSB indices and
potentially with the different transmission beams

AThe CSI-RS signals can also be configured for beam
management and measurement

AThe SSB-based measurement timing configuration (SMTC) with a
certain duration and periodicity is used to restrict the UE
measurement on the certain resources to reduce the UE power
consumptions

AThe RRM requirements guarantee the initial access and mobility
performance for the LTE-NR DC, Supplemental Uplink (SUP), and
NR-NR Carrier Aggregation (CA)



RRM Core Requirements for E-UTRA-NR DC (NSA) and SA

SA and NSA
Core Requirements ~ Common NSA Specific SA Specific
RRC_IDLE state - - Cell selection
mobility
- - Cell re-selection
and interruption in
paging reception
RRC_INACTIVE - - Cell re-selection
- - RRC_INACTIVE
mobility control
RRC Connection - - Handover
Mobility Control
- - RRC
Re-establishment
- Random access Random access for
for NR PSCell NR PCell
- RRC connection
release with
redirection
Timing UE transmit timing — — -
UE timer accuracy - -
timing advance - -
Cell phase - -
synchronization
accuracy for NR
TDD BS
- Maximum -
transmission
timing difference
(MTTD) for
E-UTRA-NR DC
(Continued)
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SA and NSA
Core Requirements  Common NSA Specific SA Specific
- Maximum Maximum receive
receive timing timing difference
difference (MRTD) for NR CA
(MRTD) for
E-UTRA-NR DC
Signal RLM - -

characteristics

Interruption on
NR PSCell due to
the operations for
E-UTRA
PCell/SCell or
UL carrier RRC
reconfiguration

Interruption on
E-UTRA
PCell/SCell due
to the operation
for NR
PSCell/SCell or
UL carrier RRC
reconfiguration

Activation/deactivation

SCell in SCG for
E-UTRA-NR DC

UE UL carrier RRC
reconfiguration
delay

RRM measurement

Measurement
capability for

Measurement
capability for

Intra-frequency
measurement with

gap

E-UTRA-NR DC

SANR

Intra-frequency
measurement
without gap

Inter-frequency
measurement

Inter-RAT
measurement

RRM Core Requirements for E-UTRA-NR DC (NSA) and SA(cont.)
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Overview of the NG-RAN Architecture

AThe NGRAN represents the newly defined radio access network®
- NGRANprovides both NR and LTE radicess

AANNGRAN node (i.e. base stationkisher

- AgNB (i.e. a 5G base station), providing NR user plane and control plane
services

- An ng-eNB, providing LTE/E-UTRAN services towards the UE
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NG-RAN In Relation to the 5G System

AMF/UPF AMF/UPF

- 5GC

” NG-RAN

ng-eNB ng-eNB

_

ng-eNB: enhanced node providing@8TRAN user plane and
control plane protocol terminationand connecting to 5GC
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Architecture Options and Migration Paths

Two operatiormodes:
A StandAlone(SA)operation:gNBconnected to 5GC
ANon-StandAlone(NSA): NR and LTE are tightly integrated @rthect

to the existingdGCore Network (EBC

- Leveragindual Connectivity (DC): a Master Node (MN) and a Secondary No
(SN) concurrently provide radio resources towards the terminal for enhanced

user bitrates

U Multi-RAT DC
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Overall NG-RAN Architecture

Non-Access Stratum

|

1

=

¥
Radi Radio | NG NG
p:)t:ﬁ > proto- proto < > proto
cols cols cols cols
0 o @ @)
Access Stratum
: 5 5GC
HE Radio| NG-RAN NG
(Uu)

Both the user plane and control plane architectures for NG-RAN follow the same high-level architecture schemel23




Architecture Options

ANRgNBConnected to the 5G@ption 2)

ThegNBsare connected to the 5G Core Network (5GC) throughNfGeinterface
ThegNBsanterconnect through theXninterface

A Multi-RATDC with theEPC (OptioB3)

Commonlyknown as ENDC (LTHRIR Dual Connectivity
A UE is connected to a@NBthat acts as a MN and to an-gNBthat acts as a SN

A Multi-RATDC with the 5GC, NR as Mag@ption4)

A UE is connected to @gN\Bthat acts as a MN and to aigeNBthat acts as aisN
ThegNBiIs connected to 5GC and the-e§iBis connected to thgNBvia theXn
interface

The ngeNBmay send UP to the 5G Core either directly or viagN&

A LTE ngeNBConnected to th&GC Qption 5)

The ngeNBsare connected to th&GCore Network (5GC) through the NG interface
The ngeNBsnterconnect through theXninterface. Essentially this option allows the
existing LTE radio infrastructure (through an upgrade toeiR® to connect to the new
5GCore

A Multi-RAT DC with the 5GGUERA aMaster Qption 7)

A UE is connected to an+edNBthat acts as a MN and togiNBthat acts as an SN
The ngeNBis connected to the 5GC, and tgdlBis connected to the ngNBvia theXn
interface

ThegNBmay send UP to the 5GC either directly or viarigeeNB



Overall EN-DC Architecture
(LTE E-UTRANT NR)

\

MME/S-GW MME/S-GW

> EPC

© E-UTRAN

en-gNB node providing NR user plane and control plane protocol terminations
towards the UE, and acting &scondary Nodie ENDC TS37.340 Clausé) 125



5G NR Base Station (gNB) Architecture

Splitting up thegNB(the NR logical node) betweérentral Units
(CUshandDistributed Units (DUS)

A A splitarchitecture
- Allowscoordination of performance features, load management and-tiead

performanceoptimization
- Enablessirtualizeddeployments
AA flexiblesGhardware implementation
- Allows scalable cqﬁﬁectliv? §0Jution§ o
U4Gw! b | NOKAUGUSOUdzZNE gl a ol aSkeeNB || aY
A Configurable functional splits
- Enable adaptation to various use cases, such as variable transport latency
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—»{ RRC

Function Split Alternatives

High- Low- High- Low- High- :_
PDCP<I‘ RLC «.‘ RLC ~|‘ MAC ~|‘ MAC <I‘ PHY ~|‘LOW-F'HY —» RF —»

Option 2 Option 3 Option 4 Option 5 Option 6 Option 7 Option 8

High- Low- High- Low- High- '
44— RRC ﬂi PDCP QL RLC MAC OL MAC l— PHY }‘LLW—PHY * RF «—

— Option 1

A3GPP decided to take Optioraa basidor normativespecificatiorwork
- Basedon centralisedPDCP/RRC adécentralisedRLC/MAC/PHY
ATheprime reason for selecting this optiavas theclose similarity to the
protocol stack split applied in Du@bnnectivity
- In a DC configuration, the Master Node (MN) and the Secondary Node (S
I NBE GaLX Adé¢ Fft2y3a GKS &l yYS LR2AYID
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Higher Layer Split of the gNB

5GC

- NG

- NG

NG-RAN

gNB

Xn-C
|

gNB-CU

BL=T

gNB-DU

gNB-DU

A TheFlinterface

- Supportssignaling exchange and datansmission betweeitthe endpoints
- SeparatefRadio Network Layeand Transport Network Layer
- Enableghe exchange of Ukssociated andon-UEassociated signaling
A Flinterface functions are divided into F andF1-U functions 128



F1-C (Control Plane) Functions

AF1 Interface Managemeffunctions
- These consist of F1 setugd\BCU Configuration UpdatgNBDU
Configuration Update, error indication and resenction
A System Information Manageme®/unctions
- ThegNBDU is responsible for the scheduling and broadcasting of systen
information
AF1 UE Context Managemeftinctions
- These functions are responsible for the establishment and modification ¢
the necessary UE context
ARRQVessageTransferFunction

- This function is responsible for the transferring of RRC messages from tt
gNBCU to thegNBDU, and viceersa



F1-U (User Plane) Functions

ATransfer olUser Data
- This function allows to transfer user data betweggdBCU andgNBDU.
AFlowControlFunction

- This function allows to control the downlink user data transmission towards t
gNBDU

- Several functionalitieare introducedfor improved performance on data
transmission, likéast retransmissiomf PDCP PDUs lost due to radio link outac

discarding redundanPDUs, the retransmitted data indication, and status
report
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CU-DU Split in Connected-mode Mobillity

A Inter-gNBDUMobility
- The UE moves from orgNBDU to another within the samgNBCU

Alntra-gNBDU intercell mobility

- The UE moves from one cell to another within the sayN&DU, supported by
UE Context Modificatiorg(NBCuUnitiated) procedure

AENDC Mobility with InteigNBDU Mobility using MCGSRB
- The UE moves from orgNBDU to another within the samgNBCU when only
MCG SRB is available duringEBbperation
AENDCMobility with Inter-gNBDU Mobility usinggCGSRB

- TheUE moves from ongNBDU to another when SCG SRB is available durin
ENDC operation



Separation of CP and UP with Higher Layer Split(HLS)

Overall RAN Architecture with &LP and CWWP Separation

A gNBmay consist of gNBCUCP, multiplggNBCUUPs andmultiple gNBDUs

AOnegNBCUUP is connected to only orgNBCUCPput implementationsallowing agNB
CUUP toconnect to multiplegNBCUCPs, e.gor added resiliency, are nptrecluded

AOnegNBDU can beonnected tomultiple gNBCUUPs undecontrol of samegNBCUCP

A OnegNBCUUPcan be connected to multiple DUs under the control of $aenegNBCUCP
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XX Interface Family

ATheXnU/X2U interface provides noguaranteed delivery of user
plane PDUs between two NRAN nodes to support dual/multi

connectivity or mobilityoperation
- Additionally it supports the flow control function through Downlink Data Delive!
Statusprocedure

ATheXnC/X2C interface useXnAP/X2AP protocols respectively for
Interface maintenance, mobility (handover, UE context retrieval, etc
and dual/multi connectivitypperation



Xn and X2 Protocol Stacks

User plane PDUs

XnAP/X2AP

A

A

GTP-U

SCTP

UDP

IP

IP

Data link layer

Data link layer

Physical layer

Physical layer
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User Plane Protocol Stack

T — — — —— —

T — — — —— —

( SDAP ),

'( PDCP )|

|’( RLC )'

’( MAC )I
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Control Plane Protocol Stack

——— — — — — ———— — — — — —

S — — — — — — —— —— — —— — —

T — —— — — — —



NR RRC State Model

( RRC Connected )

Suspend/
Resume

— Connection
RR_C Establishment/
Inactive

Release
\|I N

(' RRClde )

TheNGRAN so that transitions to/from RRC Connected are faster and incidgesdlingoverhead
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Outline
A Syllabus

A Introduction to Cellular/Mobile Networks
- Past and Present:Gto 4G

AOverview of 5G
- ITURIMT-2020 Requirements
- Features of 5G
- 3GPPRstandardization

AlIntroduction to 3GPP 5G Specifications
- 5G Requirements and Key Performance Indicators
- The5G System Architecture
- 5G NR Radio Interface
- 5G Radio Access Network ({RAN)
- 5G CoreNetwork
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Generations

Every decadeanew set of standards are developed for the core

network
A2.5Gaddedpacket data support to Global System for Mobile

Telecommunications (GSM

ATheEuropean Technical Standards InstittEd §land more fully in
3G
A3GPRntroduced the Generic Packet Radio Service (GPRS)

A A further evolution of this system occurred with the introductior
of 4G

AEnhancedacket System (EPS
AEnhancedPacket Core (EpC

A5G architecture features a new 5G Core Network (5GC)



A Simple Model of Service Access
Using the 3GPP System

UE Service
Access Network Core Network Data Network

A The purpose of the 3GPP system is to efficiently provide terminals, referred tc
User Equipment (UE), with access to services (voice, text, data, etc.) availabl
datanetworks

A UEaccess to the Data Network involves two other distinct networking domain:
the Access Network (e.g. Radio Access Network) and Core Network (GPRS,
5GQg
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Core Network

The Core Network supports sevefahctions
A Most essentially access control

A Datapacket routing and forwarding

A Mobility management

A Radioresource management

A UEreachability functions



Core Network Evolution through Generations

1999 2008 2018

GPRS /3G EPC /4G 5GC

A Once a mobile device can communicate using an access

network, the UE can register with the network

- Millions of these devices must be supported, even as they periodically
cease communication or leave coverage, so that data and other services
can be delivered at the first opportunity, both to the UE and from the UE

A Within the Core Network, control plane interactions occur as
needed, associated with each UE registered with the network
- It is therefore imperative that the control plane interactions occur efficiently
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Control Plane

AThe oO6control pl an e Osignakding iseceto t ¢
support the functions in the mobile telecommunications
system that establish and maintain the user plane

AThe control plane is itself a forwarding path to exchange

iInformation for operation of the service
-Asboverheadd6 (it enables services
plane must be efficient, scalable, reliable and suited to the needs of

mobile network operators



Control Plane and User Plane Separation (CUPS)

AProvides the architecture enhancements for the separation of
functionality in the EP CoSW, PGW and TDF (Traffic
Detection Function)

AEnables flexible network deployment and operation, by
distributed or centralized deployment and the independent

scaling between control plane and user plane functions
I While not affecting the functionality of the existing nodes subject to this

split
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Features of CUPS

AReducing Latency on application service
I e.g. by selecting User plane nodes which are closer to the RAN or more
appropriate for the intended UE usage type without increasing the number
of control plane nodes

ASupporting Increase of Data Traffic

I By enabling to add user plane nodes without changing the number of
SGW-C, PGW-C and TDF-C in the network

AlLocating and Scaling the CP and UP resources of the EPC
nodes independently

Alndependent evolution of the CP and UP functions

AEnabling Software Defined Networking to deliver user plane
data more efficiently
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GPRS 1 the 3G Core Network

Control Plane Node

. Control Plane and User Plans Node

HSS
'
______ R CN Protocok
|
NodeB : . - - - MAP/SS7
RNC ' : | - GTP-C/UDP
NodeB SGS I e
N i:_i —— GTP- WUDP
NodeB RNC : I
|
| GGSN - Internet
I
—— NodeB ;
NodeB HSS Home Subscriber Server
SGSN GPRS General Packet Radio Service
NodeB RNC L GGSN Gateway GPRS Support Node
NocdeB Node Base station
RNC Radic Network Contreller
Core Network SGSN  Serving GPRS Support Node

A In GPRS, the Serving GPRS Support Node (SGSN) and the Gateway GPRS
Support Node (GGSN) terminate both user plane and control plane interfaces
A The implementation and implicitly the deployment of these entities tightly
couples the control and user planes
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EPC 1 the 4G Core Network

|
ME : PCRE AF cm= Diaf 7
eNodeB : Jiar Cl
) | "
........... B &AL |
: PGW internet
|
B |
a Jen —— {
SGWW | \pplic f
a 2B | leld =, ©
: 1 lomi
odeB r"Ar'\'qf- -d { JAobili F

Aln EPC, the mobility management (including authentication) functionality of the
SGSN was separated out into the Mobility Management Entity (MME) and data-
plane functionality of the SGSN separated into the Serving Gateway (SGW)

A This provides the opportunity to some extent to scale the control aspects in the
MME independently of the session management and data forwarding aspects in the

SGW and Packet Gateway (PGW) 147



EPC with CUPS Enhancement

HSS Cantrol Plane Node
(=4
:: B User  Plane Node
| . - - - - AF
|
| | - - t
MME = i CN Protocols
uhaey : SGW-C : - == [hameter/SCTP
eNodaB : ‘ PGW_C e L:F"”‘,'L';TE':,‘ CP
 : PFCPIUDP
eNodeB = - SGW-U GTP-C/UDP
' ) GTP-U/UDP
|
|| -—eNcaes L [SEWEUN
|
eNodeB I
!
eNodeB MME - JI GW-U PGW Uses ine
L PGW Control plane
( | v User plane
Core Network Gl GW Control plane

An Release 14, the architecture allowed a full separation of user plane and control plane,
splitting the SGW and PGW into control and user plane aspects

AThis allows much more flexible, efficient and higher performance deployments of the user plane
A e.g. to improve the placement, network control and resource management

AThis enabled the centralization of the control functionality of the SGW and PGW, where a
single SGW-C controls both the SGW-U network elements

AThe PCRF to provide dynamic QoS and charging policies to the network
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CUPS of E

PC Architecture

Gzn

S2b-C—- Sd|Gyrl Gwn
S11 S4-C S2a-C
L GxGyGzGwW $6b | | |
anGp—CT TTTTT
S5/8-C
Serving PDN
Gateway-C Gateway-C L i
Sxa Sxb Sxc
S12 l
= 1 Serving PDN
S4-U Gateway-U | Gateway-U IT TOF-L
— $5/8-U 5g
S1-U ‘
GniGp-U |
s2a-U |
S2b-U

Operator's IP
| Services
aa (e.g. IMS, PSS etc

CUPS introduces 3 new Interfaces, Sxa, Sxb and Sxc between
the CP and UP functions of the SGW, PGW and TDF respectively

https://www.3gpp.org/news-events/3gpp-news/1882-cups
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Architecture Principles of EPC CUPS

AThe CP function terminates the CP protocols: GTP-C, Diameter (Gx, Gy, Gz)

AA CP function can interface multiple UP functions, and a UP function can be shared
by multiple CP functions

AAn UE is served by a single SGW-CP but multiple SGW-UPs can be selected for

different PDN connections
I Auser plane data packet may traverse multiple UP functions

AThe CP function controls the processing of the packets in the UP function by

provisioning a set of rules in Sx sessions

I I.e. Packet Detection Rules for packets inspection, Forwarding Action Rules for packets handling (e.g.
forward, duplicate, buffer, drop), Qos Enforcement Rules to enforce QoS policing on the packets, Usage
Reporting Rules for measuring the traffic usage

AAIl 3GPP features impacting UP function (PCC, Charging, Lawful Interception, etc)

are supported, while the UP function is designed as much as possible 3GPP agnostic
I For example, the UPF is not aware of bearer concept

ACharging and Usage Monitoring are supported by instructing the UP function to

measure and report traffic usage, using Usage Reporting Rule(s)
i No impact is expected to OFCS, OCS and the PCRF

AThe CP or UP function is responsible for GTP-u F-TEID allocation
AA legacy SGW, PGW and TDF can be replaced by a split node without effecting
connected legacy nodes
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Packet Forwarding Control Plane (PFCP) Protocol

A A 3GPP native protocol with TLV encoded messages over UDP/IP, called
Packet Forwarding Control Plane (PFCP) protocol, for the Sxa, Sxb and Sxc

Interfaces

PFCP

UDP

PFCP

IP

UDP

L2

IP

L1

L2

CP function

e b o e e e el e o e b e e .-

Sx reference point

L1

UP function
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PFCP Main Properties

AOne Sx Association shall be setup between a CP function and a UP function

before being able to establish Sx sessions on the UP function
I The Sx association may be established by the CP function (mandatory support) or
by the UP function (optional support)

AAn Sx session is established in the UP function to provision rules instructing
the UP function how to process a certain traffic

I An Sx Session may correspond to an individual PDN connection, TDF session or

this can be a standalone session not tied to any PDN connection/TDF session
A e.g. for forwarding DHCP/RADIUS/DIAMETER signalling between PGW-C and PDN (SGi)

AData Forwarding between the CP and UP functions is supported by GTP-U
encapsulation or forwarding user plane data to the SGW-C when buffering of

DL packets is done in the CP function
i, e.qg. for forwarding RS/RA/DHCP signalling between UE and PGW-C
APFCP supports reliable delivery of messages
ANew DNS procedures are defined for UP function selection
i The CP function selects a UP function based on DNS or local configuration, the
capabilities of the UP function and the overload control information provided by the
UP function
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PFCP Procedures

ASx Node related procedures
I Sx Association Setup / Update / Release procedures
I Heartbeat procedure to check that a PFCP peer is alive
I Load Control and Overload Control procedures to balance the load across
UP functions and reduce signalling towards UP function in overload
I Sx PFD Management procedure to provision PFDs (Packet Flow

Descriptions) for one or more Application Identifiers in the UP function
(SDCI)

ASx Session related procedures
I Sx Session Establishment / Modification / Deletion procedures
I Sx Session Report procedure to report traffic usage or specific events (e.g.
arrival of a DL data packet, start of an application)
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5G Core Network - Interface Representation
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AThe 5GC also separates the control plane and user plane

AThe Access and Mobility Management Function (AMF) provides mobility management
functions, analogous to mobility management functionsof the MME

AThe session management functions of the MME are separated out and combined with
the data plane control functions of the SGW and GPW to create the Session
Management Function (SMF)

- Thus the AMF, unlike the MME, does not include session management aspects 154



5G Core Network - API Level Representation

Aln the 5GC, session management aspects of control messages from the UE are
terminated by the SMF, whereas in the EPC, these would be terminated by the MME
- One advantage of this mobility management and session management separation
Is that AMF can be adapted for non-3GPP access networks also
AThe session management aspects are very access specific and hence are specified

initially for the Next Generation Radio Access Network (NG-RAN)
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