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What is 6G?

= 6G: next generation mobile wireless communication system
= Built on the strength of 5G
= Envisioned to provide ubiquitous and sustainable connectivity

- Research is underway. Various industry and academic consortiums
researching and proposing technologies
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Possible 6G New Applications and Use Cases

Fixed mobile and Real time robot Wide area and
broadband evolution command and control micro connectivity

Wireless sensor Digital twin Holograms Other new use cases
fusion



MATLAB EXPO

6G and Future Wireless Spectrum
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New: 6G Exploration Library for 5G Toolbox | R2024a

Explore, model, simulate, and test candidate 6G waveforms and
technologies

Model waveforms with bandwidths and subcarrier spacings beyond
values specified by 5G NR.

Perform link-level simulations with the extended waveforms.

Explore the impact of hardware impairments at 7-20 GHz, mm-Wave,
and sub-Terahertz carrier frequencies.

Model reconfigurable intelligent surfaces.
Explore applications of Al to wireless communications problems.

Accelerating your simulation by using multicore computers and
clusters.
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Bandwidth and SCS beyond 5G

- Explore the properties and capabilities of extended 5G-
— Large bandwidths beyond 275 RBs e
— SCS beyond 960 kHz

(iul Spectrum Analyzer — O b4 Since R2024a

ANALYZER ESTIMATION MEASUREMENTS SPECTRUM SPECTRAL MASK ~ CHANMEL MEASUREMENTS

SCS = 3840 kHz

BW = 13.36 GHz Fs =15.73 GHz

Processing VBW = 257.805 kHz RBW = 15.3600 MHz Sample Rate = 15.7286 GHz Frames =1 T =0.00000442295 8


https://ww2.mathworks.cn/help/5g/ug/getting-started-with-6g-exploration-library.html
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Orthogonal Time Frequency Space (OTFS) Modulation

= Considered for 6G systems

- OFDM suffers from ICI in high Doppler multipath channels
— Channel characteristic varies over time
— Orthogonality between subcarriers is lost

Information Symbols

- OTFS represents data in Doppler/Delay space s Doppier e
— Orthogonality maintained if Doppler & delay constant '. i A
— Even at high Doppler e g | o
- NTN, high-speed car or train,.... Ve °% l’
SR |

X4q4 Data Grid

ICI = Intercarrier Interference



https://ww2.mathworks.cn/help/comm/ug/otfs-modulation.html
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Correspondence between OFDM and OTFS

« OTFS can be seen as an OFDM code with pre-coding (ISFFT)
— Equivalence only when Heisenberg Transform identical to OFDM modulation

Delay-Doppler Domain (OTFS)

{
Doppler | g T p ' Doppler
I I Time Domain I :
e - |
) | X golm.n] :X‘{k g [[BeEnben / B u\j wner 1 iy ! Yyimn . B
3 — 5 ISFFT |————» TEaO":[ffh;m X0 ) channer | 5 ng"rfm“ | ST T | : 2
: 7 ! : _Modulator) | | /I Demodulator) : ) '
\ | I (e D D AR e, \_ ____________________ / /
11 e e e T e g Data Grid
(MxN) Time Time (M xN)
= g
MxN M XN
v' Heisenberg Transform is a generalized OFDM with a
Pe— s lectic Finite Fourier T : pulse shaping filter. When pulse shaping filter is
= EEER N S TR S AU MAEIG rectangular, Heisenberg Transform is identical to OFDM.
10
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Equalization in the Presence of High Doppler

= High Doppler with LOS and 2 additional paths

Path 1 4.50 -1297 -280
Path 2 7.21 2162 467

MEASUREMENTS

CJFETM with Single-Tap FDE' O F D M h aS S'[I' 0 n g , OTFS with Time-Domain L MMSE Equalization
' residual ICI

OTFS compensates
for Doppler

s
=
=
z
=
=
5
]
o

0.8 04 0 04
In-phase Amplitude
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New Frequencies and Higher Bandwidths - Channel Models
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Ray Tracing with MATLAB

= Used to model channels specific to a 3D environment (indoor, outdoor)
- Ray tracing methods: SBR, image method
= Support for reflection and diffraction

MATLAB EXPO
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0G Link-Level Simulation |

6G Link-Level Simulation

This reference simulation shows how to measure the throughput of a pre-6G link. The example is based on 3G but STE
allows you to explore larger bandwidths and subcarrier spacings than those in 5G systems. The example uses
parallel processing to accelerate the simulation by exploiting multiple workers on the desktop or in the cloud.

Throughput (bps)

6G Link-Level Simulation

Measure the throughput of a pre-6G

« PDSCH Throughput
= Higher data rates

=  Optimized for parallel processing
— Splits every SNR point on multiple cores / machines

(12.25%) (Worker 4) WN51ot=195, HARQ Proc 3: CW@: Initial transmission passed (RV=@,CR=0.475897).
(13.e8%) (Worker 3) N5lot=287, HARQ Proc 15: CWA@: Initial transmission passed (RY=8,CR=8.475837).
(11.81%) {(Worker 2) N5lot=188, HARD Proc 12: (W@: Retransmission #1 passed (RV=2,CR=0.475897).

[throughput, throughputMbps , summaryTable] = processResults({simParameters,results);
disp(summaryTable)

SNR Simulated bdits Tr Block errors Number of Tr Blocks Number of frames Throughput (%) Throughput (Mbps)

-1 4.7514e+07 1634 g4ad 16 73.75 35@.41

-9 4.7514e+07 433 p4ad 18 93.234 447 .99

-8 4.7514e+07 174 a4ad 18 G7.281 452,22

-7 4.7514e+07 2] odgd 1o 93.594 468.45
6 4.7514e+07 38 aslc 16 99.531 472.91 15


https://ww2.mathworks.cn/help/5g/ug/pre-6g-link-level-simulation.html

mmWave — Hybrid Beamforming Examples

Hyhirid MIMD Beamforming with Sparse Beamspacs Precoding |

MINC Channel |

[

dieTam

Mrar

[l e |
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e

Massive MIMO Hybrid
Beamforming

Hybrid MIMO Beamforming
with QSHB and HBPS
Algorithms

How hybrid beamforming is Presents a Simulink® model of a
multiple input multiple output

(MIMO) wireless communication

employed at the transmit end of a
massive MIMO communications

system, using technigues for both system. The wireless system uses

Introduction to Hybrid
Beamforming

Intreduces the basic concept of
hybrid beamforming and shows how
to simulate such a system.

Massive MIMO Hybrid
Beamforming with RF
Impairments

How hybrid beamforming is
employed at the transmit end of a
massive MIMO communications
system, using technigques for both

MATLAB BXIPPO

F mmWave Transmitter and Receiver with Hlbrld

Angle Frma Space ot
In R f— Palh Lois A0
Baamioming S0as =
Fscaive Aray
Trarame Aray Chanrel

<#ytirid Baamionming

Modeling RF mmWave
Transmitter with Hybrid
Beamforming

System-level modeling and
simulation of a 66 GHz QPSK RF
transmit and receive system with a
32-element hybrid beamforming

16
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EVM and ACPR Measurement

= Evaluate impact of RF impairments on system performance

Z UEECYE SSMALMEN TRH ES TR oD S B0 MR 170

Measure Impact of Sub-THz
Hardware Impairments on
6G Waveforms

Power EVM
Amplifier Measurement

6G Waveform Phase Noise Filter

Measure ACPR and EVM to explore
the impact of hardware impairments
at sub-THz frequencies on a 6G-like

waveform.
ACPR Since R2024a
Phase Noise PSD
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https://ww2.mathworks.cn/help/5g/ug/evm-measurement-with-hex-x-phase-noise-model.html

mmWave RF Modeling

We provide 2 levels of fidelity for different use cases

Circuit envelope
High fidelity

Multicarrier simulation

|dealized baseband
Mathematical model

Single carrier simulation

Complex baseband representation

Assumes perfect impedance matching

Arbitrary and cascaded RF networks
Model impedance mismatches

MATLAB EXPO

18
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RF mmWave Transmitter with-Hyvhrid Reamformina
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Reconfigurable Intelligent Surfaces (RIS)

= Array of controllable quasi passive low-cost Transmitter
reflecting elements

= Each element can be reconfigured and apply a
custom phase shift to the incoming signal

= Careful choice of phase shifts for each element EH
can cause constructive interference at the Blockage

receiver
Receiver

21



RIS Response

= RIS response can be adapted to the channel conditions

Traditional material Metasurface

. -
-
-
-
-
-
-
./

deterministic reflection angle configurable reflection angle

= More suited to scenarios with NLOS between transmitter and receiver.
= Can increase coverage at a low cost

MATLAB EXPO

22



RIS example

0 = diag(,b’lejel, ...,,BNejHN)

AN\ Y
ANNAAN\ Y

Single antenna receiver

-0

A MMM
< WA

hixy

A AN NN Y

elements

A \MAVANNY
WL
A MM Y

GNXM

((‘ ’)) M transmit antennas
Wy x1 precoding vector

S

y = (hO@G)ws +n

MATLAB EXPO
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Stochastic and Deterministic Channel Model

& M Ee
Tk Il
Fir

™
)
(( ) % CDL =1 RIS 2 CDL o2 Model Reconfigurable
Intelligent Surfaces with CDL
Channels
Rx/Tx CDL array and a phase shift models See e e e
the RIS
Since R2024a
RIS enabled RIS disabled
;lleJEd; ;'lewﬂ)lnseurt DTDOISRY ;sktop Window  Help Y _wjej;;m@) n52[r|t EDDSRY Ees op  Window Help a

Equalised PDSCH symbols Equalised PDSCH &, & 5@ &, ¢}
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https://ww2.mathworks.cn/help/5g/ug/model-reconfigurable-intelligent-surfaces-with-cdl-channels.html
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Typical Applications of Al for Wireless Communications

Labeled spectrogram

-10 0
Frequency (MHz)

Spectrum Sensing &
Signal Classification

Linear Inter Neural

MSE: 0.17904 MSE: 0.034578 MSE: 0.019558 Actual Channel

Subcarrier
Subcarrier
Subcarrier
Subcarrier

2 6 10 14 2 6 10 14 2 6 10 14 2 6 10 14
OFDM Symbal OFDM Symbal OFDM Symbal OFDM Symbal

Beam Management &
Channel Estimation

Device Identification

Predicted Class

CNN Location Prediction
True STA positions coloured by Predicted Class
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storage

conference room

Localization & Positioning

File Taols View Playback Help ~

B-a-0aHsnEN
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Transceiver design

MATLAB EXPO
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https://www.mathworks.com/help/comm/ug/design-a-deep-neural-network-with-simulated-data-to-detect-wlan-router-impersonation.html
https://www.mathworks.com/help/comm/ug/neural-network-for-digital-predistortion-design-offline-training.html
https://www.mathworks.com/help/wlan/ug/three-dimensional-indoor-positioning-with-802-11az-fingerprinting-and-deep-learning.html
https://www.mathworks.com/help/comm/ug/autoencoders-for-wireless-communications.html

Al/ML for Future Wireless

Channel estimation DMRS
and interpolation extraction
r 3

Y

Rate

dematching )

Demapping

.‘_

Equalization

A

Al-native air interface

FFT

MATLAB EXPO

Wiy,
L

cessing VBW = 76.4904 uHz RBW = 6.83594 mHz Sample Rate = 7.00000 Hz Frames =1 T = 26303.9

RF optimization

Global Minimu

End-to-end system optimization

27
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Featured Examples

Al for Positioning Structurally Compress Power Amplifier Modeling CSl| Feedback with
Accuracy Enhancement Neural Network DPD Using using Neural Networks Autoencoders

Projection
Use Al to estimate the position of Structurally compress a neura Model a power amplifier (PA) using Compress downlink channel state
user equipment and compare network DPD to reduce several different neural network (MRN) information (CS1) for 5G systems by
periormance with traditional TDoA computational complexity and architectures. using an autoencoder neura
techniques. memaory requirements using networlk.
Since R2024a Since R2024a Open Live Script Since R2024a Open Live Script Open Live Script

28
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6G NTN Motivation

= 6G needs solutions for global service s
coverage

= NTN can provide coverage to large
Isolated areas at a relatively low cost

= Inter-satellite-link (ISL) hops can
Increase coverage

= As an example, Hexa-X is studying
these coverage targets:
— >99% of population reached with >1Mbps
— 100% of world area covered

Source: Esri, Maxar, Earthstar Geographics, and the GIS User Community
[ Dec ‘i6'262"1'|19:66:odi'1‘|'6 T Dec102021 Izooooomc’ T Deci0 2’()2’1’?1’?60:’06’U1"¢’ -

A R A O A A A W A R O O O S W S AW I W AW O W A

30



NR NTN Link Level Simulation

= Shipping example to measure the NR NTN link performance

o
- NTN channel model ;i\;
— Flat fading Land Mobile Satellite channel (ITU-R P.681-11) 4

— Freq. selective TDL based model (TR 38.811 and TR 38.901)
= Use of Doppler compensation techniques

MATLAB EXPO

compensatlon

DL-SCH PDSCH CPE estimation MMSE Channel CP-OFDM Svnchronization
decoding decoding and correction equalization estimation demod y

NTN channel
model

l

Doppler
compensation

31
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How to learn more

6G Exploration Library

MathWorks 6G page

Related webinars and white papers
=  Whatis 6G Technology?

= Al for Wireless Communication

= 6G Design with MATLAB whitepaper

= 6G Wireless Technology: Accelerate your R&D
with MATLAB

q

+ 2472 6G?

6G BT BT LEERR, SHERHEASHAIFHINLLIER. 6C HASEXBRESLA 56 BERARIMRE, £ 6G

MEANZITIREER, IRATHFREAHEERE(R.

FEIt, 6G RFRTLMEESAINA, EPIFIEEISE (VR/AR), ATERE (Al). FEK. T Bznit. EIIBBmEME (NTN)

NeBE. BEER—IMURRINFETLERS.
LINERIFTTAER 6G BY, ATLAMER MATLAB® RETEIBETERINEEM 6G REtRit,

(£ MATLAB S RNEE IR, EHHEREM Al IR ERENRIT.
+ FERMAIL 6G RFROEEF. SHIFIREMS AN, EEEBESMtRASHERITTE.

Algorithms Waveforms RF Transceivers Antennas &

Beamforming

Y ey,

ol
e
4TS “y,- "

Clﬂ{ 25 A
len
Measurements

{8 MATLAB F=REIRILI 6G FTLRRRIEF. SH/EIIFIRE/ PSR H.

828 MathWorks.com
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https://ww2.mathworks.cn/matlabcentral/fileexchange/157771-6g-exploration-library-for-5g-toolbox
https://ww2.mathworks.cn/discovery/6g.html
https://ww2.mathworks.cn/videos/what-is-6g-technology-1697437137260.html
https://ww2.mathworks.cn/videos/ai-for-wireless-communication-1663074769420.html
https://ww2.mathworks.cn/campaigns/offers/6g-design-with-matlab.html
https://ww2.mathworks.cn/videos/6g-wireless-technology-accelerate-your-r-d-with-matlab-1683195749818.html
https://ww2.mathworks.cn/videos/6g-wireless-technology-accelerate-your-r-d-with-matlab-1683195749818.html
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