NSA Options

Non-standalone Standalone Non-standalone Non-standalone
Option 3x Option 2 Option 7x Option 4 Student Questlons
Dec 2017 June 2018 Dec 2018 Dec 2018 , ,
U Does it mean we can use any of 4 options for
NSA?
EPC 5G-CN 5G-CN 5G-CN Yes, depending upon the carrier’s deployment in the
= —— core.
T T ~o - | L - \\ '\\ \ U  How was backwards compatibility handled for
=~ it 4G/3G/2G at the time?
; They are all incompatible. A phone has to implement all
- =T é\ $ é =TT é\ é\ =T =T é\ of them. They may share some circuits and accessories
Q P. 5 e X < A and similar protocols.
oSN - < N . P “ U If the NSA option has LTE component in it, does it
LTE Y P - G < e >G LTE Y « -7 G LTE > ~ \; » 3G mean that the speed would be slower?
P Yes. Some 5G implementation may be slower than LTE
B B B depending upon the options.
_ Control Pl Is coloring the lines on this slide
Option 5 =LTE Connect to 5G core — wontrol tlane essential, or is it the
(Known alsoaseLTE) 7777 = User Plane dotted/dashed lines that imply
control plane only?
. . The dots ensure that the
a In 2Q/2018 focus on options 2 and 3, options 4 and 7 to be information is preserved in a black-
introduced as Release 15 late drop 2/18 (ASN 103/19) and-white print.
Ref: A. Toskala, "5G Standards and Outlook for 5G Unlicensed," June 2018,
Washington University in St. Louis ©2022 Raj Jain
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Non-standalone
Option 3x
Dec 2017

NSA Options

EPC

m~<

Option 5 =LTE Connect to 5G core
(Known also as eLTE)

Standalone Non-standalone Non-standalone
Option 2 Option 7x Option 4
June 2018 Dec 2018 Dec 2018
oo | s oy
_ = N
b - - \ \\
LTE\\ix\ PR LTE\\\\"”,‘ 5

------ = Control Plane
_____ = User Plane

a In 2Q/2018 focus on options 2 and 3, options 4 and 7 to be
introduced as Release 15 late drop 2/18 (ASN 103/19)

Ref: A. Toskala, "5G Standards and Outlook for 5G Unlicensed," June 2018,

Washington University in St. Louis

©2022 Raj Jain

Student Questions
W This slide is not displaying
correctly at time stamp 35 in the
video. You already covered it at
timestamp 29.30, so it is not a big
deal.
I am aware of the problem. I will
have to work more on fixing that.
L Can you explain Option 3?
Similar to Option 1. But, the
control goes from the LTE tower to
the 5G core.
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5G Core Network

O Service Based Architecture

O Network Slicing

O Control-Plane/User-Plane Split

Washington University in St. Louis

http://www.cse.wustl.edu/~jain/cse574-22/

©2022 Raj Jain

Student Questions
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Service Based Architecture
O Each service 1s a function and several functions can be Student =
implemented 1n a physical node or a virtual machine . uden Ques 1015
How long does it take for the ASF to authenticate
the user? (ie. how long is the whole authentication
Network NR POlle Unlﬁed Autheii?c(:tsiz‘;) consists of a few (3 to 10 message
Exposure Repository | | Control Data Application cxchanges)
Function Function Function Management Function
Authentication Access and Session
Server Mobility Management
Function Management Function
Function :
-“-“III“-I“‘ ’....' User
User Equipment Plane
Function
Washington University in St. Louis ©2022 Raj Jain
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Network Slicing

a Slice = A logical network serving a particular application,

business partner, or customer

a Similar to Virtual Machines (VMSs) on a computer
O A network can be divided in to many slices
O Each slice looks to the user as a separate network with reserved

resources reserved

RAN Core Data

) Slice 1: MBB

) Slice 2: non-MBB

) Slice 3: Large Customer X

) Slice 4: Business Partner Y

Ref: E. Guttman, "5G New Radio and System Standardization in 3GPP,"

Washington University in St. Louis

©2022 Raj Jain

Student Questions

U So would it be possible to allocate any
speed/bandwidth to each slices?

Slices negotiate resources based on availability and

eligibility. If you pay, and it is available, you can get it.

L Are there any constraints to the
network slices that we can
create?

The carriers create the slices. Not

the users. They have to ensure

performance for each slice.

¢ In network slicing, the
infrastructure is geographically
distributed. What entity controls
the management of this
virtualization and its routing
protocols? Is it a local entity?

The controller is a distributed entity

with one centralized and several

local components.
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Control-Plane User-Plane Split

a Control: Session management, IP address allocation, signaling
between core and device, authentication, security, mobility,

O User: Packet routing and forwarding, packet filtering, packet
inspection, quality of service

O Control-plane and user-plane interfaces are separate.

O For example: A node with dual connectivity. Control through
LTE and data split between LTE and 5G

| EPC ]
cilu u
eNB gNB

Washington University in St. Louis ©2022 Raj Jain

Student Questions
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User-Plane RAN Protocol Stack

Mapping flows to radio bearer

Marking QoS flow ID

Student Questions

- - - Sequence Numbering O  Can you explain HARQ?
Service Data Application Protocol / Header compression See slide 17-13
Reordering, duplication, retransmission If PHY layer says some bits are good, those parts are not

retransmitted by MAC. Combined PHY+MAC

= Hybrid Hybrid ARQ
0 PHY and MAC layers work together = Hybrid

Ciphering, deciphering, and integrity

/ Sequence numbering D et aditonsl s 331??.52@2252‘3““"9
Packet Data Convergence Protocol l/ Segmentation and Reassembly " (ncremental Kedandaney of Type 11 HARQ)
Duplicate detection " amanisaons (Chase Combininz or Tope 1 HARG) T
Error correction through ARQ T | [Receiver]
Radio Link Control / Multiplexing
Scheduling information reporting & Do
Priority handling
Padding -
Media Access Control / Error Detection/Indication - HOVIV{SOGS the protocol correspond to ISO
FEC Encoding/decoding stack:
HARQ Most of the components are part of Layer 2.
Rate Matching
. / Modulation/Demodulation
PHYsical Layel‘ d Frequency and Time Synchronization
Radio Measurement
RF Processing

Washington University in St. Louis ©2022 Raj Jain
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Control-Plane RAN Protocol Stack

Authentication

Network Access Server

Radio Resource Control

Packet Data Convergence Protocol

Radio Link Control

Media Access Control

S, SN ST S

PHYsical Layer

Mapping flows to radio bearer
Marking QoS flow ID

Broadcast of system information
Paging

Security and key management
Mobility and QoS

Sequence numbering
Segmentation and Reassembly
Duplicate detection

Error correction through ARQ

Multiplexing

Scheduling information reporting
Priority handling

Padding

/
/
/
/

Error Detection/Indication

FEC Encoding/decoding

HARQ

Rate Matching
Modulation/Demodulation
Frequency and Time Synchronization
Radio Measurement

RF Processing

Washington University in St. Louis

©2022 Raj Jain
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Network Evolutions

A Cloud-Radio Access Network (C-RAN)
» Centralized radio processing

> Minimizes changes to RAN for 5G and future evolutions

O Mobile Edge Computing (MEC)
> Distributed core
> Helps reduce latency

Washington University in St. Louis

©2022 Raj Jain

Student Questions
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Cloud Radio Access Network (C-RAN)

O Centralize baseband processing 1n a cloud
Student Questions

0O Need to carry high-bit rate signal (after A-to-D conversion) D
e, 1N 1l EI. What in ‘Fhe dlagram is backhaul?
from tower to cloud site ~ 10 Gbps Right of BBU in the diagran

U Why is the link between the RRH and the C-RAN
core called front haul rather than backhaul?

O Optical fiber, 10 Gbps Ethernet, Microwave can be used I inthe front of the cloud
depending upon the distance ~ 1-20 km of front haul QHow are cloud RANs connected
. . . with other cloud RANs?
a Particularly good for dense small cells. Multi-provider support. || i, mrernet
<(( ) Backhaul ((( ) QAdding anything to the cloud
<(( ) J[RRH], k <(( ) J{RRH requires an extra layer of
Re?(’te RRH Evolved RRH communication and creates extra
1:1;:10 B0 BBU Packet |—> EPC complexity. Why use C-RAN?
- <(( )» Core - <<( )» BBU It reduces hardware costs.
| R HRRH / J[RRH &~
i gagtd BBU Front haul
ni
Distributed RAN Cloud RAN

Ref: C. I, et al, "Recent Progress on C-RAN Centralization and Cloudification," IEEE Access, Vol. 2, 2014, pp. 1030-1039,

Washington University in St. Louis ©2022 Raj Jain
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Mobile Edge Computing (MEC)

a To service mobile users/IoT, the computation needs to
come to edge = Mobile Edge Computing

Micro-Clouds Regional
Clouds

Users

Local
Clouds

Network
Ref: L. Gupta, R. Jain, H. Chan, "Mobile Edge Computing - an important ingredient of 5G Networks," IEEE Softwarization
Newsletter, March 2016, http://sdn.ieee.org/newsletter/march-2016/mobile-edge-computing-an-important-ingredient-of-5g-networks
http://www.cse.wustl.edu/~jain/cse574-22/ ©2022 Raj Jain

Washington University in St. Louis

Student Questions

O Do the purple clouds represent the "city center"
cloud? Or is that the green cloud?

Green clouds cover smaller regions. Purple clouds cover

larger regions. A region could be a city, a state, a group

of states, countries, or a group of countries.

% Does MEC just entail redistributing server
locations? How much do modern use cases
require pure computation power vs.
accessing hosted resources?

MEC helps AI computation.
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Network Function Virtualization

a Standard hardware 1s fast and cheap = No specialized
hardware

a Implement all functions in software
a Virtualize all functions = Cloud = Create capacity on demand

Residential
Gateway CGNAT Box

Hardware

i Residential : sureveeseanes
: Gateway : : CGNAT : :

Hardware

fé-ﬁ =y

Ref: Raj Jain, "SDN and NFV: Facts, Extensions, and Carrier Opportunities," AT&T Labs SDN Forum Seminar, April 10, 2014,

©2022 Raj Jain

Student Questions

LWhat about the delay of these
virtualization technologies?
Virtualization always results in
more delay, and we need a very
low delay.

Faster hardware is cheaper than

more hardware.

Washington University in St. Louis
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5G Trials

O Many operators have announced 5G trials

Verizon, SK Telecom, Korea Telecom, NTT DoCoMo, AT&T,

China Mobile, ...
O Pre-Standard 5G.

O Most are using sub-6GHz spectrum

O Mostly enhanced Mobile Broadband (eMBB) and
Fixed Wireless Access (FWA)

Washington University in St. Louis

©2022 Raj Jain

Student Questions

U What is the value of these trials if they're using the
sub-6GHz spectrum and the standard isn't fully
defined yet? Are they testing different options for
the standard?

Standards are defined in releases. Implementations try to

cover features in releases. So as soon as something

beyond 4 is done, it may be called 5G. Some carriers may
offer 4.5G as 5G.

FeaturestF4G ! 5G ,
L | , [1me

Which providers have done the
most to spread 5G? Is it outside
of downtown areas in the US?

Most major carriers are offering

5G. Downtowns are always first.

Qs they still testing for 5G
improvements/releases, or are
they focusing on 6G?

New 5G releases. 6G is talk only

till 2025.
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3G vs. 4G vs. 5G

3G 4G 5G
DL Waveform CDMA OFDMA OFDMA.SCFDMA
UL Waveform CDMA SCFDMA |OFDMA.SCFDMA
Channel Coding Turbo Turbo LDPC (Data)/Polar (Control)
Beamforming No Data only Full support
Spectrum 0.8-2.1 GHz [0.4-6 GHZ |0.4-52.6 GHz
Bandwidth 5 MHz 1.4-20 MHz | Up to 400 MHz
Network Slicing No No Yes
QoS Bearer based [ Bearer based | Flow based
Small Packet Support | No No Connectionless
Cloud Support No No Yes

Ref: A. Toskala, "5G Standards and Outlook for 5G Unlicensed," June 2018,

Washington University in St. Louis

©2022 Raj Jain

Student Questions
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Release 16 Timeline

O No major changes are done after a release 1s frozen.

O Abstract Syntax Notation One (ASN.1) 1s the notation used to

specify message formats in the final specifications.

O Release 15 had 3 stages: Non-standalone (NSA), Standalone

(SA), and Late Drop.

R15 Late Drop
ASN.1

R15 NSA || RIS SA
ASN.1 ASN.1

R16
ASN.1

R16
freeze

Student Questions

O What is R16 freeze? Does it mean the features are
locked for the release?
Yes. Only bugs, if found, are fixed.

20|17

20|1 8

20|19

2()|2O

Ref: A. Toskala, "5G Standards and Outlook for 5G Unlicensed," June 2018,

Washington University in St. Louis

©2022 Raj Jain
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Release 16 Work Items

NR V2X
Non-Terrestrial Networks
Above 52.6 GHz
Integrated Access and Backhaul (IAB)
IoT Techniques
Private 5SG Networks for Industrial IoT
Enhancements to:

» Positioning
MIMO Enhancements
Power Saving
Interference
Data Collection and Utilization
Network Automation
Mobility Enhancements
Carrier Aggregation and Dual Connectivity
Access to Unlicensed Spectrum
Conversational Services
Wireless-Wire line Convergence

I Ty Ny I Ny Ny B

YV V. V V V V V VYV VY

Ref: 5G Americas, "Wireless Technology Evolution - Transition from 4G to 5G, 3GPP Releases 14 to 16," Whitepaper, Oct 2018,

http://www.Sgamericas.org/files/8015/4024/0611/3GPP_Rel 14-16_10.22-final for upload.pdf

Washington University in St. Louis http://www.cse.wustl.edu/~jain/cse574-22/

©2022 Raj Jain

Student Questions
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NR V2X

A Vehicle Platooning:

> Dynamically form platoon travelling together Student Questions
> All vehicles get information from the leading vehicle
O Extended Sensors:

> Sharing data/video from sensors with other vehicles, road-side units,
pedestrians, and application servers

> Allows vehicles to get a more global view of the environment and
Intention sharing

> Evolve for autonomous driving
> Need high data rate
O Remote Driving:
» Driving in dangerous areas or driving for those unable to drive
> Public transports train/metro driving
> Need high reliability and low latency
> High-throughput sensor sharing

Ref: Qualcomm, "Expanding the 5G NR ecosystem and roadmap in 3GPP Release 16 and beyond," Sep 2018, 35 pp.,

Washington University in St. Louis ©2022 Raj Jain
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Non-Terrestrial Networks

Q Satellite use with 5G will allow continuity of coverage -
: Student Questions
O Unmanned aircrafts as cell towers
LWhat are the challenges for an
a Not high throughput. For continuity of coverage unmanned aircraft to be the base
station?
O Need to make PHY retransmission procedures more delay Doppler, standards are just two
examples. We have many papers
tolerant & (2011-2019) on our website. We
0 Stlldy effect of propagation delays = were finalists in the 2014 Vodafone
&/ wireless innovation competition for
. 7’
»> Low-Earth Orbit (LEO), IR 7 proposing/demoing this idea.
. ’ ¢ Is the non-terrestrial network a
Geo-stationary (GEO) e ’ new feature in 5G, or is it an

existing technology? What is the
difference between it and
(traditional) communication
satellites?
Satellites would now be a
component of the 5G infrastructure
rather than a competing service.

O Handover and paging

©2022 Raj Jain

Washington University in St. Louis
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Above 52.6 GHz

a R15 designed to use up to 52.6 GHz .
] . Student Questions
O Higher Frequencies:

> Higher phase noise

> Extreme propagation loss

> Lower power amplifier efficiency

> Stricter power spectral density regulatory requirements

> Good for V2X, IAB, and non-terrestrial operation

Washington University in St. Louis ©2022 Raj Jain
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Integrated Access and Backhaul

O mmWave backhaul 1s more cost effective than fiber
backhaul
for short distances required for small cells

™ Wireless Backhaul

Fiber Backhaul

gNB

Ref: Qualcomm, "Expanding the 5G NR ecosystem and roadmap in 3GPP Release 16 and beyond," Sep 2018, 35 pp.,
https://www.qualcomm.com/media/documents/files/expanding-the-5g-nr-ecosystem-and-roadmap-in-3 gpp-rel-16-beyond.pdf
Washington University in St. Louis http://www.cse.wustl.edu/~jain/cse574-22/ ©2022 Raj Jain

Student Questions

U Are there currently microwave
backhauls or microwave relays in
use?

Yes, in all G's.
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IoT Techniques

O Non-orthogonal Multiple Access (NOMA):

> Scheduled or grant-free access

> Allows higher device density and network efficiency
O Grant-Free Uplink:

» Contention-based access

> Random upload of small data bursts @
0 Mesh Networking:
> Mesh on unlicensed spectrum /e L N
with upload on licensed | @
> Extension of D2D

> For low-power devices
Ref: Qualcomm, "Expanding the 5G NR ecosystem and roadmap in 3GPP Release 16 and beyond," Sep 2018, 35 pp.,

Washington University in St. Louis

©2022 Raj Jain

Student Questions
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Private 5G Networks for Industrial IoT

0O Dedicated network for an enterprise .
Student Questions

> Factory Automation, Transport Industry, Electrical Power O Do private networks like this exist for 4G/LTE, or
. . . . is this totally new for 5G?
Dlstrlbutl On, Au gmented Re allty New for 5G. But carriers may go back and offer private
4G/LTE now if they have extra spectrum.

. U Wouldn't private networks interfere with the
Q Small cell hosted or self-contained core network o, ising visless st
ot if coordinated or separate
- U How could private 5G networks used for the
O Locally managed = Sensitive data not exposed wamented feantyf.;( Leamno i of  vay iy
private 5G network is useful for ARs.
AR=High-speed low-latency video

O Interoperable nside/outside the site
U Are there physical limits that will

O Licensed, unlicensed, and shared spectrum end the 10-year 10x improvement
. . .. . le?
0 Ultra-reliable low-latency/time sensitive networking 10010y is mot wsual, But it wil

O continue for some time by using

unused spectrum. Performance is
only one dimension. Security,
resiliency, cost, and latency are
others.

A

[eNB])
Ref: Qualcomm, "Expanding the 5G NR ecosystem and roadmap in 3GPP Release 16 and beyond," Sep 2018, 35 pp.,

©2022 Raj Jain
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@
22 Summary
1. 5G 1s defined by IMT-2020 requirements in terms of 8
parameters: a peak rate up to 20 Gbps per user, User Student Questions
CXpCrlenCCd rate Of 100 MbpS, MOblllty SllppOft tO SOO km/h, d O  Does 3GPP'ever stop n'lakil}g enl}ancements to 5G,
latency of 1 ms, a density of a million connections per m?, 15, At ome poin il hey focus o 667
energy efficiency 100x of 4G commnity, Thesepapers oy lead 19 Reloase 19 some
. . day.
2. Will use both sub-6GHz spectrum and mmWave using a N —
. . O Is there any vision for 6G?
scalable OFDM numerology that allows multiple subcarrier Expected in 2025,
spacing, bandwidth parts and flexible resource allocation s How long would this exam be?
3. Initially non-stand alone operation will allow 5G radio access 50 minutes.
network to work with legacy LTE core network. Later, % Would it be at the same time
standalone operation with 5G radio access and core network and place as past ones?Jes.
will be added < How does Wi-Fi on planes
. ) . o . work, given no wired
4. New architectural features include network slicing, service backbone? Is the speed of
based architecture, and control plane/user plane split. planes low enough for 3/4G
: : llular?
5. Next release (Release 16) will add V2X, non-terrestrial e |
tworks, private networks, and several enhancements Using satellite service and specially
netw > P > : located long-distance towers on the
Washington University in St. Louis ©2022 Raj Jain _ground.
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Reading List

O 5G Americas, "Wireless Technology Evolution - Transition from 4G to 5G, 3GPP

Releases 14 to 16," Whitepaper, Oct 2018, .
hitp-//www.5gamericas.org/files/8015/4034/0611/3GPP_Rel 14-16 10.22- Student Questions
ﬁnal_for_upload . Ddf Announcements:

1. All students are required to fill
out the course evaluation.

2. Submit your response to the
class participation homework.

http://www.cse.wustl.edu/~jain/cse574-22/ ©2022 Raj Jain
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Books

O E. Dahlman, S. Parkvall, J. Skold, “5G NR — The Next

Generation Wireless Access Technology,” Academic Press, Student Questions
2018,
ISBN:

O A. Zaidi, et al, "5G Physical Layer: Principles, Models and
Technology Components," Academic Press, 2018,302 pp.,
ISBN:

O H. Holma, A. Toskala, J. Reunanen, "LTE Small Cell

Optimization," Wiley, 2016, ISBN:

Washington University in St. Louis ©2022 Raj Jain
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3GPP
AT&T
BBU
BWP
CA
CBG
CDMA
CGNAT
CoMP
CP
CRC
CSI

dB
dBm
DL
DMRS

Acronyms

3rd Generation Partnership Project
American Telephone and Telegraph
Broadband Unit

Bandwidth Part

Carrier Aggregation

Code block group

Code Division Multiple Access

Carrier Grade Network Address Translator
Co-ordinated multi-point transmission/reception
Cyclic Prefix

Cyclic redundancy check

Channel State Information

DeciBel

DeciBel Milliwatt

Downlink

Demodulation reference signals
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Acronyms (Cont)
a eCoMP Enhanced Co-ordinate Multi-Point transmission/reception
Qo elCIC Enhanced Inter-Cell Interference Cancellation Student Questions
O eMBB Enhanced Mobile Broadband
O eMBMS Enhanced Multimedia Broadcast Multicast System
O eNB Evolved Node-B
a EPC Evolved Packet Core
a FCC Federal Communications Commission
a FDD Frequency Division Duplexing
a FEC Forward Error Correction
O FFT Fast Fourier Transform
a FR Frequency Range
O FWA Fixed Wireless Access
a GEO Geo-stationary
0 GHz Giga Hertz
O gNB 5g Node-B
O HARQ Hybrid Automatic Repeat Request
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HPUE
IAB
ICIC
ICNIRP
ID
IEEE
IMS
IMT
IoT

IP
ITU-R
ITU
kHz
LAA
LDPC
LEO

Acronyms (Cont)

High-Power User Equipment

Integrated Access and Backhaul

Inter-cell interference cancellation

International Commission on Non-ionizing radiation
Identifier

Institution of Electrical and Electronic Engineers
[P Multimedia System

International Mobile Telecommunications
Internet of Things

Internet Protocol

International Telecommunications Union- Radio
International Telecommunications Union

Kilo Hertz

License Assisted Access

Low Density Parity Check Code

Low-Earth Orbit
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PDCCH
PHY
PRB
PTRS
PUCCH
QAM

Acronyms (Cont)

Physical Downlink Control Channel
Physical Layer

Physical Resource Blocks
Phase-Tracking Reference Signal
Physical Uplink Control Channel
Quadrature Amplitude Monitor
Quality of Service

Radio Access Network

Radio Access Technology
Recommendation

Report

Radio Frequency

Radio Link Control

Radio Network Controller
Remote Radio Head

Reference Signal
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SA
SCFDM
SCS
SDN
SON
SRS
SUL
TDD
TS

TTI

UE

UL
URLLC
VM
VoLTE
WRC

Acronyms (Cont)

Standalone

Single-carrier frequency division multiplexing
Subcarrier spacing

Software Defined Networking
Self-organizing network

Sounding Reference Signal
Supplementary Uplink

Time Division Duplexing

Technical Specification

Transmission Time Interval

User Element

Uplink

Ultra-Reliable low-latency communication
Virtual Machine

Voice over LTE

World Radio Conference
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