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1G to 5G

Generation Requirements Comments
1G No official requirements. Deployed in the 1980s.
Analog technology.
2G No official requirements. First digital systems.
Digital technology. Deployed in the 1990s.
New services such as SMS and low-
rate data.
Primary technologies include 15-95
CDMA (cdmaOne) and GSM.
3G ITU’s IMT-2000 required 144 Kbps mobile, 384 First deployment in 2000.
Kbps pedestrian, 2 Mbps indoors
Primary technelogies include
CDMA2000 1X/EV-DO and UMTS-
HSPA.
WiMAX.
4G (Initial ITU’s IMT-Advanced requirements include ability First deployment in 2010.
Technical to operate in up to 40 MHz radio channels and
Designation) with very high spectral efficiency. 1IEEE 802.16m and LTE-Advanced
meet the requirements.
4G (Current Systems that significantly exceed the Today’s HSPA+, LTE, and WiMAX
Marketing performance of initial 3G networks. No networks meet this requirement.
Designation) quantitative requirements.
5G ITU IMT-2020 requirements are in progress and Expected in 2020 timeframe.
may represent initial technical requirements for i )
5G. Term applied to generation of
technology that follows LTE-
Advanced.




From 2G to 3G

Japan PDC

Personal Digital Celular

GSM GPRS

Europe

Gioba! System for Mobile communication Global Packet Radio Service
TDMA
UsA Time Division Multiple Access
CDMA upgrade

I Code Division Multiple Access

1997 1998 1999 2000 2001 2002 2003 2004 2005

ke 2G 256G Ja

Standardization

31 Generation Partnership Project (3GPP)

= collaboration between telecommunication associations:
ETSI, ARIB/TTC (Japan), CCSA (China), ATIS (North

America), TTA (South Korea)

= develop 3G mobile system specification within scope
of IMT-2000 (ITU)

= focus on radio, core network, service architecture
+ GSM, UMTS 3G, HSDPA/HSUPA/HSPA,3G LTE

* Different from 3GPP2
= focus on 1S-95 (CDMA2000)




UMTS bands

Up to
190 MHz New 3G Band

2x60 MHz Mainstream WCDMA band
2x60 MHz U.S. and Americas

2x45 MHz New 3G band in U.S.
2X75 MHz Europe, Asia, Brazil

2x30 MHz J&pan, China

2x35 MHz Europe, Asia, Brazil

2x25 MHz Americas, Japan, Asia
TBD New band in the U.S.

5G: Moving to higher frequencies ...
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» Ongoing 5G auction in Greece: 700 MHz, 2 GHz, 3.4-
3.8 GHz, 26 GHz
— 3G/4G bands: 800 MHz, 1.8 GHz, 2.1 GHz, 2.6 GHz

+ mm-wave: 26-300 GHz (802.11ad/ay,WiGig: 60 GHz)




Higher frequency benefits

o0 - 3G 4G e 5G e All Network Types
575 Mbps
600
500
400
Mbps 5G speeds > 13 X 4G
300 speeds, due to use of
200 higher frequencies
44 Mbps
32 Mbps
100 44 Mbps
13 Mbps 76 Mbps - —— 1 S 4G speeds > 3G
0 MDD e — — speeds
2018 2019 2020 2021 2022 2023 p

Source: Cisco Annual Internet Report, 2018-2023
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UMTS architecture

* UTRAN is composed of several Radio Network Subsystems
(RNSs) connected to the Core Network through the lu
interface.

* Every Radio Network Subsystem is composed of a

= Radio Network Controller (RNC).

+ RNSs can be directly interconnected through the lur interface (interconnection
of the RNCs).

+ RNC is responsible for the local handover process and the
combining/multicasting functions related to macro-diversity between different
Node-Bs.

¢ RNC also handles radio resource management (RRM) operations.

= one or more “Node Bs”.

+ A Node-B may contain a single BTS or more than one (typically 3) controlled

by a site controller.
* Above entities are responsible for the radio resource control

of the assigned cells

UTRAN: Node B

* Node B (commonly called Base Station)

= comparable to Base Transceiver Station in
GSM

= responsible for air interface layer
* Key Node B functions

= modulation and spreading

= RF processing

= inner loop power control

= macro diversity
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UTRAN: RNC

* RNC (Radio Network Controller) controls multiple
base stations
= comparable to Base Station Controller in GSM
= layer 2 processing
» Radio Resource Management
* Key functions
= outer-loop power control
= handover
= admission control
= code allocation
= packet scheduling
= macro diversity across base stations
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Core network

* SGSN (Serving GPRS Support Node)

= The SGSN is mainly responsible for Mobility
Management related issues like Routing Area
update, location registration, packet paging
and controlling and security mechanisms
related to the packet communication

* GGSN

= The GGSN node maintains the connections
towards other packet switch networks such as
the internet. The Session Management
responsibility is also located on the GGSN.
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Radio Resource Management (RRM)

* Handles QoS provisioning over the
wireless interface

« Controls cell capacity and interference in
order to provide an optimal utilization of the
wireless interface resources.

* Includes Algorithms for Power Control,
Handover, Packet Scheduling, Call
Admission Control and Load Control

13

RRM (cont)

 Power Control

= Ensures that transmission powers are kept at a minimum level
and that there is adequate signal quality and level at the receiving
end

Packet Scheduling
= Controls the UMTS packet access

Call Admission Control

= Decides whether or not a call is allowed to generate traffic in the
network

Load Control

= Ensures system stability and that the network does not enter an
overload state

Handover
= guarantees user mobility in a mobile communications network

14




Multi-Access Radio Techniques

frequency frequency frequency
i " : ~Time

time CDMA

Courtesy of Petri Possi, UMTS World
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Wideband CDMA

e Bandwidth >= 5MHz
* Multirate: variable spreading and multicode

* Power control:
= open power control
= fast closed-loop power control

* Frame length: 10ms/20ms (optional)

16



WCDMA and rate

* Signals from different mobiles separated
based on unique codes

* Transmission rate can change between
frames

received
power

different codes

rate can be
different in
different frames
frequency

5 MHz

10 msec time
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Power control in WCDMA

fast closed-loop  outer-loop power

power control control (uplink)
[
— 1 RNC

* Fast closed-loop power control: between MS and BS

= Adjusts transmission power to achieve target signal quality
(Signal-to-Interference Ratio, SIR)

= Both uplink & downlink, frequency: 1500 Hz
* Uplink outer-loop power control: between BS and RNC

= Adjusts target SIR to achieve given frame error rate (data: 10-20%, voice:
1%), frequency < 100 Hz

* Increase power when interference increases
* Diverge when signal qualities are infeasible

18




Power and rate control

* WCDMA: rates fixed within single frame (10ms)
* Fast closed-loop power control (Mobile-BS) operates at

1500 Hz (0.67ms)

rate

I

POV e

T g

time

achieve specific frame or block error rate

* Quter loop power control (BS-RNC) adjusts target E,/N, to

19

Quality of Service

Traffic Conversational | Streaming Interactive | Background
Class Class Class Class Class
* Preserve time * Preserve time |, Request « Destination is
relation of relation of response not expecting
(variation) between | (variation) pattern the data within
Fundamental | information entities | between -
. . * Preserve a certain time
Characteristics | of the stream information
. . f the payload * Preserve
* Conversational entities o
) content payload content
pattern (stringent | stream
and low delay)
. background
Example of . .
) P . voice strgamlng web browsing download of
application video emails

20
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UMTS architecture (rel99)
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UMTS architecture (3GPP Rel.5)
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UMTS all-IP
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* Realized in 4G
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3GPP releases

Rel-99 (3/2000)
= first deployable version of UMTS
= GSM/GPRS/EDGE/WCDMA radio access
* Rel.4 (3/2001)
= multimedia messaging
= efficient IP-based interconnection of core network
* Rel.5 (3/2002)
= HSDPA (up to 14.4 Mbps, 1.8,3.6,7.2Mbps avail. up to 2008)
= first phase IMS
= |P UTRAN
* Rel.6 (3/2005)
= HSUPA (up to 5.76 Mbps)
= enhanced MBMS
= second phase IMS
* Rel.7
= HDPA+
= flat radio access network

24
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Evolution of cellular technologies

2006 2007 2008 2009 2010 2011
3GPP GSM EDGE Radio Access Network Evolution
i
o B e >

3GPP UMTS Radio Access Network Evolution

HSDPA HSDPAHSUPA Rel 7 HSPA+ Rel 8 HSPAS
DL! 14.4 Mbps DL 14.4 Mbps. DL 28 Mbps DL: 42 Mbps
UL: 384 kbps UL 5.76 Mbps. UL: 11 5Mbps. UL 115 Mbps.

In 5 MHz In 5 MHz In5 MHz In5MHz

LTE 2X2 MIMO LTE 4X4 MIMO
DL: 173 Mbps. DL: 326 Mbps
UL: 58 Mbps. UL: 88 Mbps.
In 20 MHz In 20 MHz

3GPP Long Term Evolution

CDMAZ000 Evolutions

Mabile WIMAX Evolution

Note Throughput rates are peak netwark rates, Radio channel bandwidths indicated.
Dates refer to initial network deployment excapt 2006 which shows available technologies that year

25

Evolution of cellular technologies

EDGE

Evolved EDGE

DL: 1.89 Mbps
UL: 947 kbps

HSPA-HSPA+

Rel 8 HSPA+ Rel 9 HSPA+ Rel 10 HSPA+ Rel 11 HSPA+
DL: 42 Mbps DL: 84 Mbps DL: 168 Mbps DL: 336 Mbps
UL: 11.5 Mbps UL: 23 Mbps UL: 23 Mbps UL: 46 Mbps
10/5 MHz 10/10 MHz 20/10 MHz | 40/10 MHz
LTE & LTE-Advanced
Rel 8 LTE Rel 9 LTE Rel 10 LTE
DL: 300 Mbps DL: 300 Mbps DL: 1.2 Gbps Rel 11 LTE
UL: 45 Mbps UL: 45 Mbps UL: 568 Mbps DL: >1.2 Gbps

2011 2012 2013 2014 2015

Source: 4G Americas

26
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HSDPA

* High speed shared channels (15@5MHz)
= sharing in both code and time domains
* Fast scheduling and user diversity
= shorter TTI (Transmission Time Interval): 2ms
* Adaptive Modulation and Coding (AMC)
= Higher order modulation: QPSK and 16-QAM
= Fast link adaptation: different FEC (channel coding)
* Fast hybrid ARQ
= fast combined with scheduling/link adaptation

= hybrid: combine repeated data transmissions with prior
transmissions to improve successful decoding

27

Fast scheduling and user diversity

User 1 User 2 User 3 User 4

Channelization Codes

28
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User diversity
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HSDPA vs. WCDMA

. Inefficient usage!
Dedicated ?CH o oms . ;

code
multiplexing

wasted bandwidth!

“Bid shared pfipe"

:

Time
multiplexing

Fast user scheduling in Node B based
on reported RF conditions
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HSUPA

* Enhanced dedicated physical channel
* Fast scheduling with short TTI (2ms)
* Fast hybrid ARQ

31

HSPA and HSPA+

- HSPA (Rel. 6)
= DL: 14.4 Mbps, UL: 5.76 Mbps

 HSPA+ goals

= exploit full potential of CDMA before moving to
OFDMA (3G LTE)

= operation of packet-only mode for voice and data

* HSPA+: many versions
» Rel.7 HSPA+ (DL 64 QAM, UL 16 QAM): DL: 21Mbps,
UL: 11.5Mbps
* Rel.7 HSPA+ (2X2 MIMO, DL 16 QAM, UL 16 QAM):
DL: 28Mbps, UL: 11.5Mbps

= Rel. 8 HSPA+ (2X2 MIMO, DL 64 QAM, UL 16 QAM):
DL: 42.2Mbps, UL: 11.5Mbps

32
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Towards a simpler architecture

Traditional HSPA HSPA with One-Tunnel Possible HSPA+ with
Architecture Architecture One-Tunnel Architecture

GGSN

User Plane

Control Plane

33

UMTS evolution towards LTE

’.

2002 2003 2004 2005 2006 2007 2008 2009 2010

e 3G LTE: next step in evolution of 3GPP radio
interfaces to deliver Global Mobile Broadband

* Not 4G, but beyond 3G: 3.9G

ROY/R4 J HSDPA HSUPA LTE >

34
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LTE targets

* Increased data rates
= Peak data rate: above 100 Mbps (downlink) and 50 Mbps (uplink)

= Increase “cell edge bitrate” whilst maintaining same site locations
as deployed today

* Improved spectrum efficiency
= 2-4X Rel 6 HSPA
* Reduced latencies:
= network latency < 10 ms
= inactive-to-active latency < 100 ms
* Designed for IP traffic
= Efficient support packet services (e.g. Voice over IP, Presence)
* Enhanced IMS and core network
* Enhanced MBMS (broadcasting)

35
LTE targets (cont)
e Spectrum and deployment flexibility
= Scaleable bandwidth: 1.25,2.5,5,10,15,20 MHz
= Both TDD and FDD modes
* High mobility
= optimized for speeds 0-15 Km/h
= support high performance for 15-120 Km/h
= support mobility for 120-350 Km/h
* Cost effective introduction
= Cost effective migration from Rel-6 UTRAN
= inter-working with existing 3G and non-3GPP systems
(WIMAX, WLAN)
= simplified Radio Access Network (RAN)
36
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L TE features

connectivity

Downlink based on OFDMA
Uplink based on SC-FDMA
Only packet switched: no circuit switched

LTE time slot (TTI): 1 ms
MIMO: use more than one TX/RX antennas

LTE Configuration

Downlink (Mbps)
Peak Data Rate

Uplink (Mbps)
Peak Data Rate

Using 2X2 MIMO in the Downlink and 16

QAM in the Uplink, 10+10 MHz 70.0 22.0
Using 4X4 MIMO in the Downlink and 64
. h 300.0 71.0
QAM in the Uplink, 20+20 MHz
37
Evolution > 2012
| 2012 | 2013 | 2014 | 2015 | 2016 |
w Evolved
Q EDGE
8 DL: 1.89 Mbps >
UL: 947 kbps
& Rel 9 HSPA+ | [ Rel 10HSPA+| [ Rel 11 HSPA+ Rel 12 HSPA+
a DL: 84 Mbps DL: 168 Mbps DL: 336 Mbps DL: 336 Mbps
% UL: 23 Mbps UL: 23 Mbps UL: 69 Mbps UL: 69 Mbps
10+10 MHz 20+10 MHz 40+10 MHz 40+10 MHz
Rel 9 LTE Rel 10 LTE
F—'I DL: 300 Mbps DL: 1.2 Gbps Rel 11 LTE Rel 12LTE
a3 UL: 45 Mbps UL: 568 Mbps DL: > 1.2 Gbps DL: > 1.2 Gbps
20420 MHz 40+40 MHz
=3
=3
&
o
- X
£s - l
k=
@
23
£

38
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LTE Advanced (Rel. 12)

2010 to 2012

Initial Deployments

5 or 10 MHz Radio
Channels

2x2 Multiple Input
Multiple Output (MIMO)
Antennas

Initial Self-Optimization/
Organization for Auto
Configuration

2013 to 2016

Higher Capacity/Throughput
and/or Efficiency

Wider Radio Channels: 20 MHz

Carrier Aggregation: up to 100 MHz
Advanced Antenna Configurations

More Advanced MIMO (Higher Order, Multi-
User, Higher Mobility)

Coordinated Multipoint Transmission
Hetnets (Macrocells/Picocells/Femtocells)
Hetnet Self Optimization/Organization
More Intelligent and Seamless Offload

Greater Capabilities
Voice Widely Handled in the Packet Domain
Policy-Based Quality of Service

-

Enables more users, more applications and a better experience

Source: 4G Americas, 2015
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Air interface technologies

Latency Access with Seamless
Handoff OFDM (Flash OFDM),
3GPP LTE, IEEE 802.11a, IEEE
802.11g, IEEE 802.20, Third
Generation Partnership Project 2
(3GPP2) UMB, 3GPP2 Enhanced
Broadcast Multicast Services
(EBCMCS), Digital Video
Broadcasting-H (DVB-H),
Forward Link Only (FLO)

Approach Technologies Employing Comments
Approach
TDMA GSM, GPRS, EDGE, First digital cellular
Telecommunications Industry approach. Hugely
Association/Electronics Industry successful with GSM.
Association (TIA/EIA)-136 TDMA New enhancements being
designed for GSM/EDGE.
CDMA CDMAZ2000 1xRTT, CDMA2000 Basis for nearly all new 3G
EV-DO, WCDMA, HSPA, networks. Mature, efficient,
Institute of Electrical and and will dominate wide-
Electronic Engineers (IEEE) area wireless systems for
802.11b the remainder of this
decade.
OFDM/OFDMA 802.16/WIMAX, Flarion Fast Low- Effective approach for

broadcast systems, higher
bandwidth radio systems,
and high peak data rates in
large blocks of spectrum.

Also provides flexibility in
the amount of spectrum
used. Well suited for
systems planned for the
next decade.

40
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MIMO and carrier bandwidth

7 =
el =

1.25 5 10 20

MIMO order (Tx/Rx Antennas)
n
1

v

Carrier Bandwidth (MHz)
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Latency comparison

700

600

500

400

300 - —— —

200 t—=——1 | —

00 f-—r— —  — — = —

GPRS EDGE EDGE WCDMA HSDPA HSUPA LTE
Rel'97 Rel99 Rel4 Rel'99

42
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LTE Radio Access Network

UMTS: LTE:
GGSN ;T
ACGW
SGSN

RNC RNC
Node B Node B Node B Node B Node B Node B Node B MNode B

i UE i UE Evolved-UTRAN

43

3G LTE Evolved-UTRAN

Evolved Packet Core

evolved RAN

UE: User Equipment
aGW: Access Gateway
eNB: enhanced Node B

44
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LTE simplified architecture

Evolved UTRAN (EUTRAN):

* Most RNC functionalities moved to eNodeB
* RNC removed

* eNodeB connects to evolved packet core

45

Spectral efficiency

6 : :
Shannon bound
Shannon bound with 3dB margin
51 —e— HSDPA
—_ ——— EV-DO
r IEEE 802.16e-2005
@ 4
Q
=3
g
o 3
2
=
w
K]
3 2
>
o
L
Q
< 1
0 =
-15 -10 5 0 5 10 15 20

Required SNR (dB)
Source: 4G Americas, 2015
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IP Multimedia Subsystem (IMS)

 |P Multimedia Subsystem (IMS): unified
service architecture for all networks (fixed
and mobile) based on IP

Legacy Core Network Arch.
« Vertical network, overlap in
hardware, service and dalabase

« Separated user and service
« Difficult to decrease OPEX/CAPEX

« Horizontal network, converge fixed,
mobile and data service network

« Unified database and service
« Access independernt

Multiple Agplic stion \
Unified Databuse/Charping
IN

47

IMS Network Layers

Application » Session control layer

peErrE e Uy o Functions - Call control, User
management, Service triggering,
Resources control, Interworking with

Q P//S-CSCF, MRFC
current network

A AGCFMGCF

Session Control

m  Access and bearer
/,,»-—7———-~
IP Bearer User access— GPRS/UMTS/CDMA/

/ .
\B ARACF/ SPDF/ uy WiFi/xDSL/LAN

Connects the IMS to the current network
Access - PSTN/PLMN/H.323/SIP VoIP

a Controls the bearer resource
7| | ) 55
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IMS and EPC: VoLTE

e LTE core (EPC) only E Call Control & Service Logic

provides IP

* IMS is overlay providing call IFiCannectivity

control and service logic for
telephony service 0 O

* VOLTE - 2/3G session o @

continuity L 5 [E]
0 |

+ Termination selection @ ()
Incoming ca\l@r 7?

)

49

Frequency ranges

20,000 Hz
Human Hearing
Range of Frequencies Designed For Entertainment
~" 50Hz 7,000 Hz
— AM Radio
i 20 Hz 14,000 Hz
= FM Radio
20 H50 Hz 14,000 Hz 20,000 Hz

(i Video Streaming

Slides from Liberty Global, VOLTE Presentation, 2018

50
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Telephony range of frequencies

300 Hz 3,400 Hz
Telephony

50 Hz 7,000 Hz
HD Voice
50 Hz 20,000 Hz

HD Voice & Music

51
Mobile phone codecs
Standard Voice (GSM & 3G) HD Voice Music over Skype or WhatsA
VoL TE)
AMR-NB codec AMR-WB Codec OPUS Codec
12 kbps 12 kbps 8 kbps and 4,000 Hz
1 3,400 Hz 7,000 Hz | increasing to
64 kbps and 20,000 Hz
GSM, 3G and VoL TE use Quality of Service (Q0S)
technology to guarantee service levels

52
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VoWiFi (VoLTE Wifi offload)

2G/3G/LTE

((“)) Core Network and Services
Art)

| o «JOJ0JE
. a

Internet and v ¥ ‘
,,,,,,,,,,,,,,,,,,,,,,, Internet Services §

% Voice continuity between LTE

and Wifi

% Better indoor coverage when

higher LTE frequency bands are
used.

% Widely available and supported

by UEs/handsets, tablets,
laptops.

% Lower charging strategy

especially when roaming.

53
Proximity Services (LTE Rel. 12)
* Direct discovery: identifies UE that are in
direct proximity of each other
* Direct communication: device-to-device
communication between UEs
= both in presence and in absence of LTE
network
54
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Direct Discovery

SIB configured discovery resource pool

\---‘E?r,q
"OSSi,
r B ¥
Dedicated resource

(only for Type 2B)

* Type 1: UE selects resource from resource pool
* Type 2B: LTE network allocates resources

55

Direct Communication

SIB configured control resource pool Preconfigured Control and Data resource pool

*Data., aa"a"'u
Mode 1 ﬁ Made 2 g

* Mode 1: LTE network explicitly assigns resources

* Mode 2: UEs select resources for control & data
from resource pool

56
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Small cells

Wireless Net

ork of the
insufficient Spectrum

Capacity Constrained
Competitive Alternative to Wireline for Some

/
C=—ml_ Smoll Cells ol Higher
Frequancies for Capacity

+ Larger cells on average
& Some amall cells
* Some advanced radio methods

Wireless Network of the Future
Bolenced Portfolio of Livensed and Unlicensed Spectrum

Significantly Greater Capacity
Competitive Alternative to Wireline for Many

Selactive. Well-Defined
Sp Sharing with Some,
Government Systems.

z

Wi-Fi Adds Capacity but Only in Subsst
of Covorage Aroa

Network Design:

Smaller cells on average
Many small cells
Many ad d radio methods (smoart , ete.)

*  Wi-F| and cellular mostly aperate indep ly
*  Limited sharing of spectrum with government

*  Frequencies: current cellular (600 MHz to 2.5 GHa)
*  Total spectrum used: approximately 1 GHz

d- and fi P gies work
together in integrated network
Selective sharing of spactrum with government

Frequencies: current cellular bands and higher

frequencies, including mmWave

Total spectrum used: many GHz Rysavy Research

57

- Management
- Power

Macro

- Interference Coordination

(( }HVB ") o

Fiber Backhaul
Connection

Unlicensed
Mesh Wi-Fi?
Challenges:
- Site acquisition
- Backhaul

Interference 9
Coordination

Operator Core Network

Rysavy Research

58
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Small cell approaches

Small Cell Approach

Macro plus small cells
in select areas.

Characte

Significant standards support. Femtocells or picocells
can use same radio carriers as macro (less total
spectrum needed) or can use different radio carriers
(greater total capacity).

Macro plus LTE
operation in unlicensed
bands

Being considered for 3GPP Release 13 and available
for deployment 2017 or 2018. Promising approach for
augmenting LTE capacity in scenarios where operator
is deploying LTE small cells.

Macro plus Wi-Fi

Extensively used today with increased use anticipated.
Particularly attractive for expanding capacity in
coverage areas where Wi-Fi infrastructure exists but
small cells with LTE do not.

Wi-Fi only

Low-cost approach for high-capacity mobile broadband
coverage, but Iimpossible to provide large-area
continuous coverage without cellular component.

59

Types of cells

Type of Cell

Macro cell

Characteristics

Wide area coverage. LTE supports cells up to 100 km of
range, but typical distances are .5 to 5 km radius. Always
installed outdoors.

Microcell

Covers a smaller area, such as a hotel or mall. Range to 2
km, 5-10W, 256-512 users. Usually installed outdoors.

Picocell

Indoor or outdoor. Outdoor cells also called “"metrocells.”
Typical range 15 to 200 meters outdoors and 10 to 25
meters indoors, 1-2W, 64-128 users. Deployed by operators
primarily to expand capacity.

Consumer Femtocell

Indoors. Range to 10 meters, less than 50 mW, 4 to 6
users. Capacity and coverage benefit. Usually deployed by
end users using their own backhaul.

Enterprise Femtocel|

Indoors. Range to 25 meters, 100-250 mW, 16-32 users.
Capacity and coverage benefit. Deployed by operators.

Distributed antenna
system,

Expands indoor coverage. Same hardware can support
multiple operators (neutral host) since antenna can support
broad frequency range and multiple technologies. Usually
deployed in larger indoor spaces. Can also be used
outdoors.

Remote radio head (RRH)

Uses baseband at existing macro site or centralized
baseband equipment. If centralized, the system is called
“Cloud RAN.” Requires fiber connection.

Wi-Fi

Primarily provides capacity expansion. Neutral-host
capability allows multiple operators to share infrastructure,

"Super Wi-Fi”

Name used by some people for white-space technology. Not
true Wi-Fi. Better suited for fixed wireless than mobile
wireless.

60
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5G use cases

foot

Human to Human

L KQTU- 08 ) 15

Human to Machine Machine to Machine

Ultra-Reliable

f
Low Latency E -
Service {

Extreme N

:‘3"°b'c'; g ! Video Calling
roadban i Virtual Meetings {

E Wearables E f ‘:

Massive i i :
Scale RSN b
o ! : b
Communication ! :@ i1 Social | |
! /: :\ Networking ,: :‘

Fixed = |

= |
% i
Wireless

1

|

3 Industrial
i Automation

A v h &
Remote ! | [ Vi O'c
Surgery | | Vehicle A vehicle Sy I
L E o
i 1 ¥
b :\ ! :\
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loT requirements

Massive loT

Critical loT

= L \
W | e g F eS| .
.
Smart Logistics, tracking and Remote Traffic safety o
building fleet management health care and control
Ul f=
iéy)) (( )) Ao ‘& d& z Remote
P G < manufacturing,
Capillary networks Smart Smart Smartgrid | Industrial application| ~ training,
agriculture | metering automation and control surgery

Low cost, low energy,
small data volumes,
massive numbers

Ultra reliable,
very low latency,
very high availability
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3GPP Release 12 and 13

* Rel.12: Cellular Internet of Things

* Rel.13:

» LTE-M (LTE Category M1): data rates up to 1
Mbps with 1.08 MHz, VoLTE

= NB-loT: 200 kHz

63

NB-loT deployment options

In-band Guard-band Standalone
NB-loT NB-loT NB-loT NB-loT
Regular Regular
LTE Data LTE Data
Guard-band Guard-band
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LTE support for loT

LTE Cat-1
and above

LTE Cat-M1
1.08 MHz
Up to 1 Mbps

Performance

LTE Cat-NB1
200 kHz
10s of kbps

Short-range
wireless!

n x 20 MHz
> 1 Mbps

Faster data rates
Full-to-limited mobility
Voice/VoLTE support
Low-cost, low-power

Ultra low-cost
Ultra low-power
Delay-tolerant

Coverage

65
LTE Cat-1 LTE Cat-M1 LTE Cat-NB1
(Today) (Rel-13) (Rel-13)
Peak data rate  DL: 10 Mbps DL: 1 Mbps DL: 730 kbps
UL: 5 Mbps UL: 1 Mbps UL: 760 kbps
Bandwidth 20 MHz 1.4 MHz 200 kHz
Rx antenna MIMO Single Rx Single Rx
Duplex mode Full duplex Supports half duplex  Half duplex
FDD/TDD FDD/TDD FDD only
Transmit power 23 dBm 20 dBm or 23 dBm 20 dBm or 23 dBm
Higher throughput, lower latency, full mobility
66
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Power Save Mode (PSM) and Extended
Discontinuous Reception (eDRx) — Rel. 13

*  Power Save Mode (PSM): allows device to skip periodic page monitoring cycles
= device-originated or scheduled applications, where device initiates communication with network
* eDRx extends maximum time between control channel monitoring/data reception from
network in connected mode to 10.24 s and time between page monitoring and tracking
update in idle mode up to 430.69 min for Cat-M1 and up to about 3 hours for Cat-NB1
= allows network & device to synchronize sleep periods so device can check for messages less

frequently
§ 2 g
= 7] |7}
=3 c =
5 & o
A - [ bsi 3
5 o i 2 o
2 Device not reachable
3
o
Time
5 2
B 2 Extended DRx
; 2 Up to 40+ minutes
g iy] vs. today's upper limit
o © of 2.56 seconds
| E——1 I
&£ Idle Idle

Time
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3GPP Release 14

 Massive MIMO

 Licensed Assisted Access (LAA):
aggregate carriers across licensed and
unlicensed 5 GHz

Primary Carrier Secondary Carrier
Licensed Spectrum Unlicensed Spectrum

68
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3GPP Release 14

Low latency enhancements
NB-IoT enhancements

69

3GPP release overview

Rel.8: LTE, 4x4 MIMO, flat architecture, low
latency, multi-band

Rel.9: Evolved Multimedia Broadcast Multicast ~ 3.9G

eMBMS), voice over LTE, femto cells, Self-
rganizing Network (SON) _
Rel.10 (Jun 2011): LTE-Advanced (4G), carrier
aggregation, relays, inter-cell interference
coordination
Rel.11 (Mar 2011): Coordinated Multipoint
(CoMP), enhanced carrier aggregation, new
control channels, new mobile categories
Rel.12 (Mar 2015): small cells, dual
connectivity, device-to-device, simpler MTC ~

— 4G

70
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3GPP release overview (cont)

* Rel.13 (Mar 2016): Licensed Assisted Access
(L%A)’ improved MTC, carrier aggregation, device-
to-device

* Rel.14 (Jun 2017): improved LAA, vehicle-to-
everything (V2X), wide-area broadcast with
reduced subcarrier spacing

* Rel.15 (Sep 2018): 5G phase 1, New Radio (NR),
Non-Stand-Alone (NSA), low latency, improved
massive MIMO/beamforming, network slicing,
service-based arch, control/user-plane split...

* Rel.16 (upcoming 2020): 5G phase 2, massive
MTC, V2X phase 3, URLLC, Industrial IoT, slicing,
NR-based access to unlicensed spectrum, satellite
access, 5G efficiency (interference, positioning,
power consumption, dual connectivity, mobility, ...)

— 4,5G

— 5G

3GPP Roadmap
hase 2 dej
* *

Rz | Rt | RELIs REL16

| T T >
SA1 equirement Study l WID Rel15
sA2 ‘Au:hltmme sumy‘ wip J F
RAN RAN Study WD |

[ e
SA1 Requirement Study ﬂ wio | Rell6
SA2 [ Althllecluustu; | ; wip
RAN RAN Study
:\\ Release 16 will target the ITU
IMT-2020 submission
Figure 1.1. 3GPP Timeline Releases 13 to 16.
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5G enablers

mmWave System/RFIC/Ant.

700 MHz 3 GHz
AL
Legacy Bands
mmWave
RFIC

——

8 27 30 GHz

New Bands

Wide

Coverage
Antenna

< 6 GHz Massive MIMO

New Channel Coding

LDPC (i.ow-Der:sit‘v Parity-Check )

Massive Connectivity (loT)

Network Slicing

BEm Ry o,

e e [ e
i ————

e

2 an Centrat Data Center
a9

Local Data Center

Low Latency NW

- - 1 eNB—=i5teR. - 18tep et .
e 0 ; ‘”Em iuei; aiii ! Data
@ Mobile BS Server
73
New air interface technologies
[ s ™

Massive MIMO and FD-MIMO
concepts are centrzl to the
56 theme.

Potentially large capacity and
coverage impravement.
FD-MIMO work in LTE-
zdvanced is a starting point
for developing these
cancepts for 56

Other spectral efficiency
improvement through new
waveform znd overhead
reduction

oy
T;g

7
'r’f:é,'

* Densification via small cell
build-out key to RAN
evolution.

Current small cell solution is

not scalable beyond 2 certain
point.

Radically new cancepts such

as separation of control and

datz plane, new system
architecture are key to
achieving =n ultra-dense
network

* Design system to operata in
much larger channel
bandwidth. This requires 2
careful tradeoff betwsen
spectral efficiency and pawer
efficiency

Operate across new licensing
scenarios such a unlicensed,
or shared licensed

Operation in low frequency
and in mmWave

SDN/NFV

* Akeyand central
requirement to AT&T as a
part of Domain 2.0 efforts
Apart from implementation
challenges of SDN/NVF for
56, we also need to develap
the 5G RAT which allows for
L1/L2/L3 functionality to be
distributed

Massive Connectivity

* Design the 5G RAT to allow
for netwiork slicing down ta
the physical layer.

* Lightweight or weightless
protocol to support massive
connectivity.

* Power efficiency and
coverage enhancements
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4G to 5G transition

Communication services
(voice, text, internet) 4G Network
O MW pack haul 3 3 3
Front haul ([T} —————{__1) 1 3
([ Sl
=) &) | =) =)
\
Mobile Broadband >1Gbps SG Network Q
BEE —
N — eMBB Slice e
Massive loT -200,000/Km? SDN, NFV, MEC
b ]
X L]
Mission Critical loT - 1 ‘ iy e %
ission Critical loT - 1ms \
Massive IoT Slice ‘7
— Mission Critical IoT Slice
L
Cam——m—— )
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RAN extensions

New Air Interface
*CP-OFDM - to introduce flexibility in OFDM and mitigate

((A\))\m\ /g{) Inter Symbol Interference
*Massive MIMO — large numbers of bearers to increase

(ve] bandwidth in sub-6GHz bands
« )’/ \ ) *mmWave — provides access to broad frequency bands for
A o« A

higher bandwidths

*Beam Forming — extends range/cell size for mmWave
bands

*Shortened TTI — reduces latency

Flexibility in band sizing — allows previously unavailable
bands to be used

Other RAN innovations

*CoMP — UE attached to multiple cells to provide greater reliability

*Small cell support — greater indoor coverage, increased cell density, self-backhauling
*5G-NR in unlicensed bands — extension of mobile ecosystem

*Session management split from mobility management — enabler for RAN slicing
*D2D, V2X — devices connecting directly, with no network

76

38



5G flexibility

‘Softwarisation’ of the network

NF\|/ z(ajnd SDN — enabling flexibility in where functions are deployed and
scale

CP/UP split — decoupling of user plane traffic from control plane functions
C-RAN — removal of functionality from cell sites to consolidation point in the
network

MEC — pushing Core Network functions and content ingress to cell sites

77

From coverage to capacity deployments

I e il
ot P
Jew bl .é OO0
* Installation/Maintenance/Interference
optimization is important

* Centralization necessary => Cloud RANs

* Intelligence necessary
78
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RRU-BBU separation

Non split architecture + backhaul

RRU - Radio Remote Unit
BBU — Base Band Unit

Cell site cabinet;

* RRU (Radio Remote Unit): creates analog RF signal from baseband
signal and sends it to the antenna digitizes RF receive signal

* BBU (BaseBand Unit): generates and processes digitized baseband
signal, also referred to as digital unit

79

BBU centralization and pooling: Cloud RAN

BBU centralization:

X2 becomes
a local interface

80
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BBU centralization and pooling: Cloud RAN

BBU centralization:

BBU pooling
(Cloud RAN):

#
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Cloud RAN with virtualization

The «Cloud»

Load balancer
gl & switch

82
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LTE — NR (New Radio) dual connectivity

LTE and NR cells co-located
& overlaid and provide same
coverage

LTE and NR cells provide
different coverage; can be

& Tl —— co-located or non-co-located
) ya >~ | | LTE (macro cell)

& Coocatedcel @ —
- 4 " NR (small cell)
@ Non-co-located cell

83

Integrated access and backhaul

84
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New capabilities for loT

* RSMA is an asynchronous contention-based uplink multiple access
that allows loT devices to transmit without prior network scheduling

* Multi-hop mesh allows out-of-coverage devices to connect directly
with devices that can relay data back to access network

Grant-free uplink Mesh networking
Resource Spread Multiple Access (RSMA) Multi-hop mesh with WAN management
Frequency l l II l ‘Drrectdaccess; on e l N
icensed spectrum // \\
' /‘ || |I """"" &B)  esh on unlicensed
2y / L\ Cimciconsed. /
S I ‘n_‘\\siei;trum J
= :
85
Virtualization gains
* HW and SW totally
decoupled
* Operator can dynamically
al Ocate p rocessi ng PR B VR Base station Instances

resources within a

——y resource pool =

(Signal processi ing) BS of standard 1

centralized baseband BOOl -3
to different virtualized base ===
stations and different air
interface standards

e simpler inter-vendor
interoperability

* cost reduction to manage,
maintain, expand and
upgrade base station

7 \ ‘# clal m |P
\ 7 7’
ClTrans. Layer
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5G RAN architecture

AMF/UPF h

<

AMF/UPF
Ng N g
-] =
() ® @ ((9)
‘ %1 Y6 i © g
one ) ()
% é é 5
\ . . /
ng-eNB ng-eNB

gNB

* gNB: 5G base station providing NR user
plane and control plane services

* ng-eNB provides LTE/E-UTRAN services

|

NG-RAN
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and 5GC

Functional split between NG-RAN

Mobility Anchoring

Dynamic Resource
Allocation (Scheduler)

PDU Handling

|
|
gNB : AMF SMF
|
Inter Cell RRM | ‘ NAS Securil ty ‘ UE IP address
1 allocation
RB Control |

| Idle State Mobility PDU S

Connection Mobility Cont. : Handling ) f“l"’"
|

Radio Admission Control |
| UPF
|
|

NG-RAN

@
5GC \\/
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5G Core Network (5GC

 Exploits NFV, SDN, MEC
» Service-Based Architecture (SBA)

e

Nnssf| Nnef Nnef

Npcf

Nudm Naf

Authentication Server Function (AUSF)

Access and Mobility Management Function (AMF)
SBA entities Session Management Function (SMF)

Network Slice Selection Function (NSSF)
Network Exposure Function (NEF)

NF Repository Function (NRF)

Nausf | Namf Nsmf
] [oF
A

Policy Contrel Function (PCF)

RS

N2

N4

Unified Data Management (UDM)
Application Function (AF)

= / = 3 s - User Plane entities
I vE e . \1 b }_‘—{ BN | Unified Data Repository (UDR)

Unstructured Data Storage Function (UDSF)

5G-Equipment Identity Register (5G-EIR)
Security Edge Protection Proxy (SEPP)
Network Data Analytics Function (NWDAF)

User Plane Function (UPF)

Data Network (DN), e.g. operator services, Internet
accessor 3rd party services

User Equipment (UE)

(Radio) AccessNetwork ((R)AN)

89

Network slicing architecture

Radio Resources Allocated
Across Slices, Each with
Specific QoS Characteristics
: ImTTTT T T T T T T T T T
Dewf:t?s Atl:cess | Radio Access Network
Specific Slice(s)
Device C "_l‘___ Radio Access Network
(Smartphone)| Slice 1
|
|
DeviceD | | | RadioAccess Network
(Car) lf Slice 2
|
i “ e
|
DeviceE | | Radio Access Network
(Sensor) Ir Slice N
|
Device B ".L" Radio Access Network
(Medical) | Slice N+1
|
B s o s s s s o

Virtualized Core Network
Functions Support Each Slice

44444444444444 - Rysavy Research
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Integrated MEC in 5G

* UPF supports Uplink Classifier functionality that
diverts (locally) traffic matching traffic filters provided
by Session Management Function (SMF)

m e
(9]
A
T
| | | Naf MEC Orchestrator i
2
3

=}
N4 g
N9 g
| 8l . B
=
= U N [ ) of 3 g ,zl
Virtualization Infrastructure = K e
El BER ©

Data Network (LA/DN)
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Mobile Edge Computing: Cachi
obile Edge Computing: Caching
L ]
& B
Whole packet cached @ =
Whole packet sent from content source
to device W8J m
- 7 B Local cache ‘ Central ‘ @BmTorrent
- ! ' ' cache ' M
e = .‘ . e EE™
‘ ! ! Lowbandwidth | | m n
/ | SMECserver | Backhaul | i e
N 13 | transport | H D
/ LTE CorellT Tube
base station
Cached DNS response Source: ETSI
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MEC: Content optimization

Subscriber ID, cell load, link quality... @ @
in]
Content — ———— «dBitTorrent’
. optimization ! RAN aware @
N B

MEC server ! Core Content
i network  optimizer t P

b e . 7
LTE base station @ u

Source: ETSI

\
B
N
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