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» 5G evolution towards 6G

» The fundamentals of Al/ML
& how do today’s 5G
networks use Al/ML?

» Status of research for an
Al-native air interface
support in 6G

» What role can T&M solutions
play in this context?

» Future challenges & outlook




5G EVOLUTION TOWARDS 6G




9G NR TECHNOLOGY EVOLUTION - THE NEXT PHASE

| June 2022V | March 2024

3GPP Release 17 3GPP Release 18

— (5G Phase 2+); focus: Work E’ackage approv.
FR2=2-NIN, NR Light inD #94-e)
et 5G is a marathon,

3GPP Release 162
(5G Phase 2); focus:
two market verticals

| April 2019

15t 5G NR networks (FR1,
FR2) launched; focus: eMBB

Reliability




FUTURE STANDARDIZATION AND REGULATORY ROADMAP

Allocation of |additional
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) IMT-2020 systems are called 5G

™) The ITU has already started a new technology trend report to prepare the work on “IMT-2020 and beyond” that is likely to become 6G
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ARE WE GETTING AHEAD OF OURSELVES? NO! ~d

R —— The support of

An Introduction to Millimeter-Wave mmWave was one Millimcees Wave B
Mobile Broadband Systems

Mobile Broadband

of the revolutionary
elements in 5G!

28 GHz base station with
(June 2011) ‘ M 64-element antenna array

(June 2015) <
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https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5783993

RESEARCH AREAS FROM A TEST & MEASUREMENT
PERSPECTIY >

THz Joint communig al Int e Rsgonfigurable Photepics, Visible
communj€ation & sengin and Ma fLearning  Intiiligent Surfaces  Light Colgmunication
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Multiple access, Ultra-massive  New network topologies, ~ Full-duplex Security & f J-ovel gigtview on
new waveforms, MIMO distributed computing ~ communication Trustworthiness

is provided in one of our
#THINKSIX video.
Don't miss it!

channel coding
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https://www.youtube.com/watch?v=mv0EYJhnncw

THE FUNDAMENTALS OF Al/ML
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The fundamentals of Al/ML

TYPES OF MACHINE LEARNING

Meaningful Training data * /o
compression Structure ; ; Diagnostics e e ® ) .
P & Discovery {labeled input, desired output} - oy To judge, which
DiMensi ® ofee class the input
L ]
oning Image ) Email spam *d e data belongs
Big data 4™ > UnSuper- ClBssi- | »
Visualization vised S‘qber- A Reaton
Learning vnsefj >
Targeted Learning
Marketing Customer
Retention

= Market
Recommender Cluster- Customer ) / \ forecasting
Systems JSNMUNIENY Segmentation SEVETLTI, TN Weather
Training data . Learning RS .
{unlabeled 15 The model shall estimate i
input only} Real-time Risk the trend of the data... e

decisions Assessment

Population
growth

Robot £ Score
Navigation REﬁOrce- ‘ B Skill prediction
. men,t acquisition

Learning
Learning £ D . Al Training data
Tasks

{input, some output, .

grade of output} 20 10 10 20 30 40 50 60
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The fundamentals of AI/ML

GENERAL CONCEPT OF A NEURONAL NETWORK (NN)

Input Weighting

“Training” = finding weights (w;) and bias (b)
bias
activation
function

Output
m— y = @(wx+b)

Y = XWy + XMW, L X W, + D
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The fundamentals of AI/ML

MACHINE LEARNING BASED ON NEURAL NETWORKS (NN)

Input layer Output layer

[l
P

% VAV

SN

[N, 4] [5, 3]
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The fundamentals of AI/ML

MACHINE LEARNING BASED ON NEURAL NETWORKS (NN)

Input layer Output layer

Power level?

Reference level?

Peak-to-average
power ratio (PAPR)?

[l
P

QNN

<

Attenuation?

Bandwidth?

Automatic Gain
Control (AGC) loop?

Frequency?

[N, 4] [5, 3]
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BUT DOING “MACHINE LEARNING FOR THE SAKE OF
MACHINE LEARNING” MAKES NO SENSE

Optimizing instrument parameters related to EVM by push of simple button (not ML-based!)

1,000 000 000 000
1000 000 000 0005

- = (e12, 25l I8 Analog Impairments | [8 Digital Impairments
0 0

4d8’

Linearize RF I:\ QAdjust Linearization Current Frequency

IEEE _- l:»::m. L
wmmlmw.. O
x| o | ot ..'..-...:. 20 6

BoEds EHEQERs
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Overview & introduction to machine learning

MACHINE LEARNING BASED ON NEURAL NETWORKS (NN)
WHAT NN ARCHITECTURES ARE RELEVANT IN WIRELESS?

al) Recurrent Neural
Network (RNN)

» Recurrent Neural Network
(RNN) are a type of Neural
Network where the output
from previous step are fed
as input to the current step

» Useful, in time series

prediction (“memory”)

a2) Convolutional Neural
Network (CNN)

» A convolutional neural
network is a feed-forward
neural network, often with
up to 30 (hidden) layers,
designed for processing
structured arrays of data
such as images

@ 15 Rohde & Schwarz June 2022 The future role of AlI/ML in wireless communication

b) Concept of an Autoencoder

» Special type of artificial
neural network to learn
efficient data coding in an
unsupervised manner

» Autoencoder learns a
representation for data set,

by training the network to
ignore insignificant data


https://deepai.org/machine-learning-glossary-and-terms/convolutional-neural-network
https://www.analyticsvidhya.com/blog/2020/10/what-is-the-convolutional-neural-network-architecture/
https://www.geeksforgeeks.org/introduction-to-recurrent-neural-network/
https://analyticsindiamag.com/overview-of-recurrent-neural-networks-and-their-applications/
https://en.wikipedia.org/wiki/Autoencoder
https://towardsdatascience.com/auto-encoder-what-is-it-and-what-is-it-used-for-part-1-3e5c6f017726

HOW DO TODAY’S 5G NETWORKS USE Al/ML?




WHERE IS Al/ML AND BIG DATA ANALYTICS USED TODAY?

NetWork Data Analytics Function
(NWDAF)?

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

AR
332
celtses,
callee

N34 R iN23

NSSF — Network Slice Selection Function
AUSF — Authentication Server Function
UDM — Unified Data Management

AMF — Access and Mobility Management Function
SMF — Session Management Function
PCF — Policy Control Function

AF — Application Function

UE — User Equipment

RAN — Radio Access Network

UPF — User Plane Function

Data
---------- Control (Signaling)

N3

N6 Network

Rohde & Schwarz June 2022 The future role of AI/ML in wireless communication


https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3355

WHERE IS Al/ML AND BIG DATA ANALYTICS USED TODAY?

NetWork Data Analytics Function
(NWDAF)?

BIgiDataANalyIICS:

,,,,,,,,
222,

Results /\ :

i N34

UE data
collection

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

3 party and

Data
Control (Signaling)

R®hde & Schwarz

iN23

vertical data
collection
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https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3355

WHERE IS Al/ML AND BIG DATA ANALYTICS USED TODAY?

NWDAF is the basis for automation and fine

NetWork Data Analytics Function | tuning of network functions in 5G [ ]
(NWDAF)?

For Rel-17 a new study item was approved as g""n.,u:.‘.‘.‘::;: ______ :

“Study Item for data collection for NR and EN-  iN34 e iN23

DC” [ ] with the aim to study S /T O TN e :

functional framework for AI/ML enabled RAN
intelligence; initial use cases:

* Network energy saving

* Load balancing

» Mobility optimization

Potential future use cases:

* Massive MIMO beamforming optimization g
+ Link adaptation optimization =~ ..t
. Traffic steering = ——l"

Data
---------- Control (Signaling)

Rohde & Schwarz June 2022 The future role of AI/ML in wireless communication


https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://inform.tmforum.org/insights/2020/06/nwdaf-automating-the-5g-network-with-machine-learning-and-data-analytics/
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationId=3355
https://ftp.3gpp.org/Specs/archive/37_series/37.817/37817-110.zip
https://www.3gpp.org/ftp/Specs/archive/29_series/29.250/29250-g20.zip

How Al/ML is used in today’s 5G mobile networks?

3GPP RELEASE 18

Continued NB-loT support, usage of spectrum chunks, e.g. CA

Reduce UE measurements, almost zero power wake-up with CC and no SSB sync there, narrowband cell operation

receiver, energy harvesting

V2X in 60 GHz, unlicensed bands, extension up
to 114.25 GHz \l Power NW energy

saving saving

Base station downtime, breathing cell + SON

HAPS + UAV, network slicing NTN,
loT optimizing (no GNSS), NTN
emergency calls

Al framework for UE, use cases, evaluation,
- link and positioning prediction, Ref. Signal
reduction, beam management

Short interruption time, including

5 MHz UE bandwidth, power saving
sidelink into NPN,

enhancements, wake-up signals
5G
broadcast

Mobile |IAB, smart repeater LTE & 5G broadcast, NR MBS and multicast

Topology .
improvement New KPI/ QoS, application awareness,

Indoor 5G + WLAN operation, power consumption coverage, capacity and

dual connectivity with > 2 DC Nl racio Expanded mobility
—muit =

siti
EEITERLL Y S SL positioning, high accuracy, RedCap
CSl reporting + multi-TRP / o positioning, positioning integrity
multi-beam Evolufion Sidelinic

DipicC SL enh. (unlicensed, power saving, efficiency),

SL relay, coexistence LTE-NR V2X

>4 TX, freq. Selective
precading, coverage enh.

L1/L2 inter cell HO, DAPS

e e, FRE A Flexible duplex, eg. DL only deployments, interference

management, cross division duplex XDD
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How Al/ML is used in today’s 5G mobile networks?

3GPP RELEASE 18

5G | =~
broadcast \

\ Topology
improvement

\\Wl f’uwer
S Al framework for UE, use cases, evaluation,
- link and positioning prediction, Ref. Signal
\ ﬂ reduction, beam management

Initial set of studied used cases:

N - CSl-feedback enhancement
ey  Beam management
S~ L im0 « Position accuracy enhancement

Mobility —~
. - nhanceme
—— £
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STATUS OF RESEARCH FOR AN

AI-NATIVE AIR INTERFACE SUPPORT IN 6G




Status of research for an Al-native air interface support in 6G

HOW TO APPLY MACHINE LEARNING FOR 6G PHY?

OFDM Signa
Generation

Trans- :

ceiver

Channel

decoding Synchronization

Demapping | equalization ~ estimation

For PHY/MAC tihe inittial 6G research focusses mainly on the receiver

Rhase 2?2/

RF

Frontend

v

|

Wireless
Channel

|

Phase 1
J

End2End-Learning = 6G?

.

Phase 3?2272
J
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Status of research for an Al-native air interface support in 6G

PHASE 1 FOCUSES ON RF FRONTEND AND
IS NOT NECESSARILY 6G RELATED!

» Optimization of RF Frontend, modelling the non-linearities,
analog and digital impairments seems to be an ‘easy’ entry
point for applied machine learning in wireless communication.

s- RF
ceiver Frontend

Autoenceder = 667

e Neural Network Based Big:mI[_Pre:is\wTL‘" for Piecewise Digital Predistortion for mmWave Active
Active Antenna Arrays Under Load Modulation BT iy g Yeasnremel
Instant Gated Recurrent Neural Network Alerto Bega, Lase Astil, snd Mikko Vaksrns Antenna: Arrays: Algorithms and Measurements Yibo WY, UM Gustarsns, Abexamdee Gl § A, amd Heek Wymeersch?
Behavioral Model for Digital A s S b L Mot A, Mot 11 o Reseeeh, Grrtun, Sweden
Predistortion of RF Power Amplifiers

o “Chnimen Universey of Techmelogy, Godenburg, Sweden
Member, IFEE. and Mako Valkams®, Seaior Member (EEE

Residual Neural Networ
for Digital Predistortion
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X onte 1 e the pow-efcency of atve s DU cot, vl o st s s s (el e .
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e he vy vt ofichmy o4 e .t
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(April 2020) (June 2020) (Sep 2020) (Oct 2020)
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https://www.researchgate.net/publication/340567565_Instant_Gated_Recurrent_Neural_Network_Behavioral_Model_for_Digital_Predistortion_of_RF_Power_Amplifiers
https://www.researchgate.net/publication/342170442_Neural_Network_Based_
https://www.researchgate.net/publication/342170442_Neural_Network_Based_
https://arxiv.org/pdf/2005.05655.pdf

Status of research for an Al-native air interface support in 6G

PHASE 2: WHY IS THERE ROOM FOR MACHINE
LEARNING TO BE APPLIED IN WIRELESS?

» 5G: there is a zoo of reference signals” to allow the receiver to estimate the channel properties
and ultimately equalize resource elements for the propagation effects

Equalize resource

element based
on nearest pilot

Equalize resource

element based
on nearest pilot

Equalize resource

element based
on nearest pilot

Equalize resource

element based
on nearest pilot

25 Rohde & Schwarz

The imperfect channel estimation and channel aging leads
to SNR degradation and mismatched computation and
thus equalization errors > Machine Learning will help to
overcome this mismatch!

June 2022 The future role of AI/ML in wireless communication



Status of AI/ML in wireless communication: Academia & Research

PHASE 2: APPROACHING PERFORMANCE [FFEe=

[Re{Y}, Im{Y}]
72 X 14 X 2 72%x 14X 6

6 8 ) 12 16
Ew/No [dB]
= Baseline @ Neural Demapper (Symbol) Neural Receiver
»— Perfect CSI Neural Demapper (Grid)

NOKIA Bell Labs

Trans-
ceiver

https://aiforgood.itu.int/events/the-road-towards-an-ai-native-air-interface-for-6q/

26 Rohde & Schwarz  June 2022 The future role of AI/ML in wireless communication

RF | Antenna
Frontend | System


https://aiforgood.itu.int/events/the-road-towards-an-ai-native-air-interface-for-6g/

Status of AI/ML in wireless communication: Academia & Research

PHASE 3: TRANSITION TO END-TO-END-
LEARNING?

The 3rd step: The E2E-learning challenge? | J

» Learning the behavior of an End-to-End (E2E) communication link (e.g., via an autoencoder),
including application, signal processing errors, transmitter behavior impact of radio channel
conditions

Signaling
Overhead?

autoencoder

OFDM-Autoencoder for End-to-End learning of communication systems

Training
on device?

» Yes, provides additional performance gains & efficiency,
e.g. can eliminate the need for transmission of pilot signals,

but how practical is this solution in ‘real life’?
27 Rohde & Schwarz June 2022 The future role of AlI/ML in wireless communication

Scalability?


https://www.researchgate.net/profile/Sebastian-Cammerer/publication/327266282_OFDM-Autoencoder_for_End-to-End_Learning_of_Communications_Systems/links/5ba23972299bf13e603c1d28/OFDM-Autoencoder-for-End-to-End-Learning-of-Communications-Systems.pdf

WHAT ROLE CAN TEST & MEASUREMENT SOLUTIONS

PLAY IN THIS CONTEXT?




What role can test & measurement solutions play in this context?

ACCOMPANY RESEARCH CHARACTERIZING
RF FRONTENDS USING ML MODELS

What to compare my ML-based DPD model too?

- Measure CCDF, EVM, ACLR, CUBIC METRIC and just compare?
— Develop additionally a deterministic DPD algorithm and compare against ML-based model?

» NOI! Use T&M solutions to create reference model

based on classical approach using iterative method. " FSW-K18,
R&S®SMW200A vector signal generator ~ FSW-K18D

Vop

Inverted Envelope Signal (7 ) e

https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_application/application_notes/1ef99/1EF99 lterative Direct DPD_1le.pdf
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https://scdn.rohde-schwarz.com/ur/pws/dl_downloads/dl_application/application_notes/1ef99/1EF99_Iterative_Direct_DPD_1e.pdf

EXAMPLE: DATA GENERATION AND e I
AND TRAINING PROCEDURE

DevicegUder Lesa(DUT),
e.g. eramplifier (f-=

Y

10 iterations
Generate e.g. 5G NR TM1-1 for FR1Y l Use option FSW-K18D to capture 1Q samples,
compare to ideal waveform, collected from
SMW200A, correct amplitude and phase,
reload corrected waveform into SMW200A,
repeat steps for until no changes are detectable

5G NR TM1-1 = X-train

array [i]

ML model with weights
based on prediction

»

Iterative DPD )
—> terative = Y-train
waveform array [i+1]

Long Short-Term Memory
(LSTM) network
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What role can test & measurement solutions play in this context?

NO MACHINE LEARNING WITHOUT
TRAINING DATA

» Generating data sets based on different 5G NR signal configurations,
fading and impairments; e.g.: 5G NR FR1 MIMO 4x4 .

Modem (baseband p

: 1Q capture
RFOUTCI S T SRECLLELLIECLEEE :

via TCP/IP

PC with VSE
software

e.g.3.5GHz ‘B

Radio Channel

TDLA30-5 Med
02100 e E— Characteristics ey
‘ n . (represented- by -a-standardized ’
I 10 3GPP fading profile)
ain im - rosire oo TDLA30-10 Low
Tk = == TDLA30-10 Med
20 deg

TDLA30-10 Med A

TDLA30-10 High

TDLB100-400 Low
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TDLB100-400 Med A

!

4 N\
ML model




FUTURE CHALLENGES & OUTLOOK




Future challenges & outlook

FUTURE RESEARCH TOPICS ON MACHINE LEARNING FOR
WIRELESS’

New waveform for new spectrum
Learning for systems with (extreme) hardware constraints

| 8

Joined communication + X = X = sensing?

- Global
5 Aggregation (t) Eﬁ:llel * Wy (t)
G = - Zﬁ:llel

Global model w

Signals conveying a few bits of information (((E)D'
Application-specific end-to-end learning ol

XXX YY)
chdb

Local model

Semantic communications Locelmer
Decentralized & federated learning : ’]
Transfer & meta learning — Locaimode

vVvyvyvVvyYvyvVvyYyvyy

+++++++H ' E :
» Can we learn the MAC protocol? :

- Channel Access Policy, Signaling (‘Vocabulary’, Policy)

Federated learning and wireless communication
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https://arxiv.org/pdf/2005.05265.pdf

You'd like to be part of the Rohde & Schwarz family?

TECH & CONNECT

Sonja Kupfer have a look at our open positions

Sonja.kupfer@rohde-schwarz.com
LinkedIn | Xing

Thomas Ammermann

Thomas.ammermann@rohde-schwarz.com
LinkedIn | Xing

Johanna Vordermayer

Johanna.vordermayer@rohde-schwarz.com
LinkedIn | Xing



https://www.linkedin.com/in/sonja-kupfer-670754145/
https://www.xing.com/profile/Sonja_Kupfer6
https://www.linkedin.com/in/thomasammermann/
https://www.xing.com/profile/Thomas_Ammermann3/portfolio
https://www.linkedin.com/in/johanna-vordermayer-630a7a196/
https://www.xing.com/profile/Johanna_Vordermayer2/cv

Thank you for joining

Enjoyed? Scan the QR Code .
to be informed about upcoming talks




