THE PATH TOWARDS 6G




MT-2030 program:
e scene for 6G

ommunication and sensing:
the 6th sense to mobile communications

rable Intelligent Surfaces:
radio channel for more efficiency and capacity

radio communications:
y benefit?
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| t affecial: IMT-2030 = 6G

3 The International Telecommunication Union (ITU)
adopted a resolution that will guide the
development of 6G standards and 6G radio
interface technologies.

3 In addition to that, they also,adopt
new Recommendation ITU-R M.
onthei | MTO 30 F r awnsetti
the basis for the development of TM:

< . E Al PRESIDENTE RA. 233 \ f secreTaire DE seance
u g

Source: https://www.6gworld.com/exclusives/itu-officially-sets-agenda-for-the-6g-development/

@ 3 Rohde & Schwarz 2024 The path towards 6G


https://www.6gworld.com/exclusives/itu-officially-sets-agenda-for-the-6g-development/

NewgenerationgverylOyearsé
3GPP: Global Standards

— Ug®
d ITE oy
-2
1990s 2000s 2010s 2020s
Mobile voice Efficient voice to Focus shifts to Mobile broadband A unified The next
communication reach billions mobile data and emerging connectivity innovation
expansion platform platform
Analog Digital Wireless Mobile Connected Next-gen
voice vo Internet broadband intelligent edge wireless
AMPS, NMT, D-AMPS, CDMA2000/EV-DO LTE, 5G New Radio Al-native, new spectrum,
TACS GSM, WCDMA/HSPA+ LTE Advanced, RF sensing,
1S-95 (CDMA) Gigabit LTE and many more...

Source: Qualcomm

IMT-2000 IMT-Advanced IMT-2020 IMT-2030

4 Rohde & Schwarz 2024 The path towards 6G



IMTF2030framework R
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future development of IMT for 2030 and 4"}( 3
beyond '%Q

In 5G we had 3 different categories, representing
3 different network slices: eMBB, mMTC and URLLC.

. el
Source: https://www.itu.int/dms_pubrec/itu-r/rec/m/R-REC-M.2160-0-202311-I!''PDF-E.pdf 6G will extend those and add 3 more categories!
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IMF2030capabilities

Peak data rate

i suctaiabity Maximum achievable data rate under ideal conditions per device.
capabilities 50, 100, 200 Gbit/s are given as possible examples.
Sensing-related Interoperability .
capabilities User experienced data rate
Achievable data rate that is available ubiquitously across the
Coverage Positioning coverage area to a mobile device.

(1-10cm)

300 Mbps and 500 Mbps are given as possible examples.
Spectral efficiency

Peak data rate Spectrum efficiency refers to average data throughput per unit
of spectrum resource and per cell. Values up to 3 times greater
than that of IMT-2020 could be a possible example.

Security and
resilience

Reliability User experienced
(1-10'5- 1_10-7) data rate M 0 b I I Ity
Maximum speed, at which a defined QoS and seamless transfer
Latency S?f?citrum between radio nodes which may belong to different layers and/or
sl - SHEE radio access technologies (multi-layer/multi-RAT) can be achieved.
(500"_1_:,"00 Connection  Area traffic The target of mobility could be 5007 1 000 km/h.
LI Latency over the air interface
DN devices/km) Targetis 0.17 1 ms
b N

hn

Ce \
9 capabiities fof
Source: https://www.itu.int/dms_pubrec/itu-r/rec/m/R-REC-M.2160-0-202311-I''PDF-E.pdf
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IMTF2030 Technologiés enhanceairinterface

3 Extreme MIMO (E-MIMO)

- new types of antenna arrays, much larger-scale antenna arrays, a distributed mechanism,
and Al assistance.

3 Technologies with potential to tackle traditional antenna array beamformng challerges
- Reconfigurable intelligent surfaces (RIS) Ly P
- Holographic radio (HR)

3 Ultra-wide bandwidth (multiple GHz) .
- To support positioning/sensing accuracy
- mmW and subTHz range

3 Self-interference cancellation (SIC) technology in devices and networks
- to enable in-band full duplex (IBFD) in future mobile communications

Source: https://www.itu.int/dms_pubrec/itu-r/rec/m/R-REC-M.2160-0-202311-I!''PDF-E.pdf
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Remember
WRGC19identifieda lot of newspectrunfor IMTF2020

3 24.2527.5 GHz
3 37-43.5 GHz

3 45547 GHz & 47:28.2 T
3 6671 GHz » o spe W

3 Is there an urgent need for more spectrum?
- WRGC23 said no! Thus, no more spectrum was allocated for2043 this ttime!

s

4G
2G| 3G | 2G
041 07 09 18 2127 5 6 7.25

4G

»

100 330 frequency [GHZ]
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Next WRQ7spectrundiscussions

3 WRC-27 New Agenda Item on IMT Frequency Studies
- 44007 4800 MHz, or parts thereof, in region 1 and region 3;
- 71257 8400 MHz, or part thereof, in region 2 and region 3;
- 712571 7250 MHz and 7750 i 8400 MHz, or part thereof, in region 1,
- 1487 1535GHzit hi s mi ght become the AFR30 ramgegi

(study item ongoing) | dao
3 No Agenda Item for Frequencies > 100GHz! Ly &

3 WRC-27 new satellite agenda item on
- direct connectivity between space stations and IMT UE to complement terrestrial IMT network :

coverage (694 MHz - 2.7 GHz )
7
e /GG?
L)) 77/

041 07 0.9 18 2127 5 6 7.25 24 71 100 330 frequency [GHZ]

o
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6G Phases and Timeline
Research, ITU and 3GPP

Standardizati
Phase
H11ase

Fundamentadsearch

WRE3 WR&3 results: | WR®7
¥ :6G Study items for \WRC :
v 7:125-8.4 GHz, 14:85.35 GH,
: FCC: 1213.25 GHz

| Assumptions
| = not confirmed
| timelines

6G WQ/r\k(-sh op
March~2025

I

1st6G network launch?
15t6G devices?

=
>

. Rells
|ASN.1 freeze

“W-.. 1'Ret18
ASN.1 review

s t a r-2020dandeb eryeown dtoe d thrad | d gy |tirkeerd d/ rt eop doret

| TU has already

DIMT-2020 systems are called 5G, The
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7
&, RESEARCAREAS-ROMAN EBM PERSPECTIVE

Spectrum for 6G: Integrated sensing & Atrtificial Intelligence Reconfigurable Photonics, Visible New network
®EQ2 ~ mc cer@yunication and Machine Learningntelligent Surfaces Light Communication topologies, distributed
_ computing o
@) 2 EEEEE [ .
T i i
D O () - q

O A L <21
O : ;\,///\;g\

v

(
o)
< C) 'A [ 2
() . ((q0) ™~ \.)
e s
Multiple access,

new waveforms, Ultramassive The Metaverse and Fullduplex Security &
channel coding MIMO eXtendeReality (XR) communication Trustworthiness

() (D)
. (</>))
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https://www.rohde-schwarz.com/us/knowledge-center/videos/-thinksix-main-6g-research-areas-video-detailpage_251220-1043073.html

-

-

Joint Communication’ ; .3
SensingJCAS) . .

| | . - -
a.k.a o e N g g o
IntegratedSensmgAnd o | [

Communications (ISAC E
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RADAR AND COMMUNICATION COMMONALITIES

Hardware Processing

acing d

.............
Phase shifters

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

'0 GH.
Estimation techniques (channel or target) are important

Both benefit from recent increaseddrendshine learning
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ISAC USE CASES @

Enhanced C") el
(GHEC: ((())) ; & disaster
/\
Detection & W
collision -

G ﬁ ‘\\‘ detection
avoidance N, '

(3
S
#P (25

Man machine interworking /
& safety zones Remote health Commqnl_catl_on link
monitoring optimization
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SENSING ARCHITECTURES

Network Node

Monostatic Bi-/MuItistatic

L&

ﬁ 1‘;

() —r
ad e

Bi-/Multistatic D D
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ISACO RESEARCH CHALLENGES
WAVEFORMSTWO ENTRY POINTS

Trade-off

b

New Waveform

3 Research challenges:
- Adaptable waveform for optimal tuning towards sensing or communication performance
- In addition: frequency/bandwidth? Full duplex transceivers? Interference? Distributed sensing?
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ISAC: TESTING CONSIDERATIONS

A Throughput
NSHEH A \poice, video quality

ARF performance
A Power / Spectrum

Communication Channel
A

() 1
Transmit Signal ’la Transmit Signal >
(@) (@)

Reflected Signal | Object
(Reflector) \
- ~ J

Sensor Channel
A Speed ((( ))>

UE

Base Station

A Detection

A Distance
A Angle
A RCS

Attributes

A Accuracy
A Resolution

Interferer

17 Rohde & Schwarz 2024 The path towards 6G



R&S ISAC SENSING TEST APPROACH

= —_———
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/%% Federal Ministry
: of Education

KO m Se néG and Research
Perceptive communication networks with integrated sensor technoress

for 6th generation mobile communications

Live Demo at G®nferenca Berlin, 2024: Live Demo at Open6G hub:

KOMSENS
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AI/MLFORWIRELESS

*AI/ML T Atrtificial Intelligence / Machine Learning
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useful for mmWave systems
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SO, WHAT POTENTIALLY COMES NEXT?
AENATIVE AIR INTERFACE FOR 6G?

Mapping/ *OFDM Signal _h
. Precoding | Generation

Custom
Const.

. Char_mel —> Scrambling
__coding |

Trans- RF Antenna

Modem (baseband processing) B - ontcnd | System | ]

. Signal detection/ _ :
. Synchronization

| - Ongoing research
Rurthergdownjthejroad!
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NEURAL RECEIVER TESTBED

MWC 2023
Industry-first Neural RX Testbed

TOWARDS 66: AV
N

FURAL RECEIVER

Towards 6G: Rohde & Schwarz showcases Al/ML-based neural
receiver with NVIDIA at MWC Barcelona

indus’ ¢ are-in-the-loop demonstration of a ne

performance gains when using trained M s compared to traditional

@ 23 Rohde & Schwarz 2024

Brooklyn 6G Summit 2023
End-to-End Learning Testbed

Enabling an Al-native air interface for 6G: Rohde & Schwarz
showcases Al/ML-based neural receiver with optimized
modulation at Brooklyn 6G Summit, in collaboration with NVIDIA

The path towards 6G

Signal Generator

S5GNR + Custom

SHSMW200A

R&SESGT100A (20)

sudas
r

MWC 2024

Impairment Compensation %

Signal 4xSFP |
Receiver 10Ghs 5G UL Measurement
+

4RX
Antennas.

RaSEServer-Based Testing

RASEMSRA
Satelite Recelver

Baswd Trsiwy (S87)

RASIMISAL ot purpone.
sty econr ()

Neural
Receiver
(Sionna)

A




ENDTOEND LEARNINESTBED

Toward 6G: Al/ML-based Neural Recelver, =~
Custom Constellation and Impairment Compensation

T swwlael 1.0 =

Evaluate LS-Baseline

TOMARDS 65

3 Y
BLNTIVE NTERFACE - NEURAL RECEIVER 4 Netd _)rla”dh
=
Finetuned Neural Receiver ®
Show Goodput

Carrier Frequency Offset [ppm]: 0.2

Channel TDL-B 100ns/400Hz
Custom Const. - Neural Receiver (CFO=0.2ppm)
Custom Const. - Neural Receiver, finetuned (CFO=0.2ppm)

Number of PRBs 273 (100 MHz)
Modulation order 6
Target coderate 54 5G Baseline - LS+LMMSE (no CFO)

Transport block size 2 - 5G Baseline - Maximum Likelihood approx. (no CFO)

DM verhead

Effective PUSCH throughput - 5G Baseline - Perfect-CSl, lower bound (no CFO)

1 iy ¥
Occupled REs Baseline
Occupied REs NRX 25 SNR [dB]

aoRNAMARE ® NVIDIA.

Signal Generator ||

Receiver 5G UL Measurement

5GNR + Custom
Constetiation

4RX
Antennas

R&SWServer-Based Testing (Sionna)

R&ESHSMW200A R&SEMSR4
R&SESGT 100A (2x) Satelite Recelver

Sarme-Baswd Testnyg (SBT)
L
_

=
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ENDTOENDCONSTELLATION LEARNING:: o m oami6e

3 Joint End-to-End Learning (TX, wireless channel, RX) of
custom constellation points and neural receiver

3 AI/ML models learn constellation with superimposed pilots;
joint optimization of neural receiver performance

3 Pilotless Communication: No need for 5G NR
Demodulation Reference Signals (DMRYS)

3 Free resources can be used for data transmission
A higher bandwidth efficiency/throughput

3 Additionally in this demo: Neural RX trained with carrier
frequency offsets in range 01 0.5 ppm

® 25 Rohde & Schwarz 2024 The path towards 6G



FIRST STEP TOWARDS-EQEND LEARI

7

3 Rohde&Schwarzi mpl emented a o6custom €O
signal generator and spectrum analyzer; next step: end-to-end learned
constellation :

Afrﬂ_ 3.500 000 000 000 s | oir | ket ‘o S PEE=0. 00gm 48 0.00 gon
B % 1.000 000 000 000 e |8 | “|' = we 230,00 4n ol -30. UUdEm

stell ationo
ral receiver with custom

AFreq 3500 000 UDUUUUGH on e P (.00 tee  0.00:n
B & 1.000 000 000 0006 | & | "edSpee 230,00 Lol -30.00 san

TR v EE LY TeScheme | DMRS | Channel Coding T Antenna Ports |Info

3 Number of Codewords Constellation Points
R&S@SMWZOOA DCI Format 1_ 'I Mapping Coordinates J
. Rate Match Pattern Group Cylindrical
Scheduled by CORESET 0 =
VeCtor Slgnal Generator cheduled by L0 r Magn. Phase Magn. Phase Magn. Phase Magn. Phase Magn. Phase Magn. Phase Magn. Phase Magn. Phase

Resource Allocation

o 0-7 |0000 00° 0000 00" 0000 0.0° 0000 0.0° 0000 0.0° 0000 00° 0000 0DO° 0000 0.0°
Type 1

—  Index to Frequency Hopping Offset 8-15 | 0000 00 0000 00° 0000 O. 00 0.0° 0.0 0.000 0* 0.000 00°

16-23 | 0.000 0.0°  0.00 0 g 0 00 0.0° | 0.000 00
< Number of Physical Bits

24-31 | 0000 0.0° 0.00 0.000 0.0° 0 0° |0.000 00° 0000 0.0° | 0.000 0.000 0.0°

R&S®FSW
Signal and spectrum analyzer

o - ] -
56 NR A Schedul.| 56 NR A PDSCH
[kl - =1 i’ L2 () (&) man o

+ Vector Signal Explorer
(VSE) software
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T&MASPECTREGARDINBIS* T

EEEEEEEEEN
EEEEEEEEEN
FRUEAEEEEN
iMaEEFrFeEEEN

*RIS - Reconfigurable Intelligent Surfaces
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Reconfigurable intelligent surfaces (RIS)

ADJUST THE CHANNBLONG WITH THE SIGNAL

M3 IV -« e

https://www.nttdocomo.co.jp/english/info/media_center/pr/2020/0117_00.html
January 17, 2020

3 The classical approach to maximize reception DOCOMO Conducts World's First Successful Trial of Transparent Dynamic

lity: Metasurface
q uall y — Dynamic wave manipulation and high transparency expected to optimize 5G network
- Adapt s(t) transmission scheme to target construction — oo

Channel h(t), e.g., CP'OFDM for the Conventional metasurface tran:‘p:::sr::’:'v::mic

multipath channel, carrier frequency, and %EE%E%

bandwidth, S O

. L . ¥ ¢ S R
pre-coding/equalization, modulation and FE O S
coding schemes, etc. -

3 RIS offers an adaptation of channel h(t) to
maximize reception quality.

Prototype of transparent dynamic metasurface

28 Rohde & Schwarz 2024 The path towards 6G
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ETSDEFINITIOQFRIS

ETSI identified use cases:

- Coverage enhancement

Beam management

Ly [EEEERE<- oo ' - Secure communication
& Y.

BE " Reconmguable ., - Localization accuracy
g)) it A Intelligent Surface o ) Sensing capabilities
! \II . .
T (@) W (K - Energy efficiency
N

0 4 LOS @ﬂ
Access Point Device <] .

e

RIS BN

Source: ETSI ISG RIS GR001

29 Rohde & Schwarz 2024 The path towards 6G

RIS

""""" > Controller €= - - Spectral efficiency improvement




THE KEYORIS METAMATERIAL

THz Mid-IR Near-IR Optical

Graphene

II

Nonlinear materials

Non-Foster -

Ferrite, YIG, BST

Liquid crystals -

Microfluidics +

Mechanical

Tuning Technology

MEMS
PIN Diodes

|1y

Varactors +

&
0 ma-made structures become more and more
electronically active, with integrated electronics and

wireless communication making the entire
environment intelligento

Source: IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 66, NO. 10, MAY 15, 2018

DiRenzo et al.: Communication Models for RISs

RIS

A VARACTORS (variable capacitors, e.g. used in VCOs or frequency multipliers)
A microelectromechanical systems (MEMS)

30 Rohde & Schwarz

107 10® 10° 10" 10" 10" 10" 10" 10"
Frequency [Hz]
Tuning Technologies for reconfigurable meta-materials

vs. operation frequency

. RIS element

m /7 tuning circuit
; g % g — biasing line

N ==
m unitcell

—reconﬁgurable
unit cell

Fig. 3. Example of manufactured RIS made of 196 identical

Fig. 2. Conceptual architecture of an RIS. elements (unit cells) and four voltage-controlled varactors for each

cell [30].

Source:Oliveri et al.: Reconfigurable Electromagnetics Through MetamaterialsVA Review, Proceedings of the IEEE | Vol. 103, No. 7, July 2015
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RISPROTOTYPES

PIN-diodes
2 PIN-diodes G
;

Relay sw

31 Rohde & Schwarz 2024
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nregion region p region

PIN diodes

ADiscrete tunability

AFew GHz to mmWave

ACurrent flow is
adjusted by changing
PIN diode(s) states A
Load impedance
changes A Reflection
coefficient is adapted

Varactor diodes

AContinuous tunability

AFew GHz

ATuning of biasing
voltage A Load
impedance becomes
controllable A
Reflection coefficient is
adapted

Liquid Crystal

ATechnology known
from LC-Displays

AContinuous tunability

A> 10 GHz

AGood scalability A low
fabrication costs for
large surfaces

APermittivity and
resonant frequency is
influenced by external
voltage A Reflection
phase depends on
resonant frequency A

\Direction can be conf./




BASIC RIS T&NEEDS
RIS as intelligent antenna Regarding RIS as intelligent reflector

Probe

3D radiation pattern Speed of reconfiguration

Elevation measurement range

<<<'; )
according to RIS configuration

Incident angle
—

RIS as network node RIS as radio channel component

1 Const I/Q(Meas&Rer)

Reflected signal quality - Channel sounding: CIR

Rohde & Schwarz 2024 The path towards 6G



(R) :
RADIATERISCHARACTERIZATION T

Probe antenna
Here: Crospolarized
Vivaldi antenna

Video of test setup

Elevation arm
320° rotation of

Feed/Stimulation elevation arm

antenna
RF absorber

Feed ar DUT/RIS
Here: Aluminum plate
Adjustable
height Turn table
360° rotation of
turn table
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RESULTS OF REAL RIS

3 Measurement scenarios: Frequency sweep
3 3D patterns for different incident angles

3 RIS multibeam scenarios
3 RIS configuration algorithms

1L

‘o

28 GHz Access Point Extender

Frequency sweep

DUT: real RIS, d

Feed

=55cm, 6, =-40°

!.:}‘ Greener —}

21 wave.

34

0 ——
5 /// —
e
3D RIS pattern 8
DUT: real RIS, 6, =-40°,d =55cm, =28 GHz 'y 5
0 Z 3 20 -
9 25 RIS in on state
-5 RIS in off state
230 1 1
10 26.5 29 315
Frequency in GHz
15 @ RIS with multiple beams (Phi = 90°)
2 DUT: rea\RIS,dFeed=55cm,9m=-40°.!=28GHz
e 5 T T T T T
= 0 | —©—RIS in off state
25 o
° Y 5
qy\]) m
-30 ‘_é 20k
-35 g % 15 -
g
B 20
40 | Maximum (0.00 dB): 3 N i
45 | PI=95 — Y c :
Theta = 10 -30 iy E E T
50 35 ; ; é
40 L © © @ L
-40 -20 0 20 40 60 80
Theta in deg
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Normalized pattern in dB

3D RIS pattern
DUT: real RIS, Hin =-40°, d = 55cm, f = 28 GHz

)
o
Normalized pattern in dB

Maximum (0.00 dB):

Phi = 90° —
-45 B
Theta = 25
-50
Comparison of RIS states (Phi = 90°)
DUT: real RIS, dFeed =55cm, 9in =-40°,f=28 GHz
5 T T T T T T T
—%— RIS in on state
0 [ |—6&— RIS in off state y
5+ o
10
15
20
25 S
S 3
S o
30 ’ © ©
3 o
T s
3565 = 3
c (9]
[s} Q
(8} n
-40 L
-40 -20 0 20 40 60 80
Theta in deg



RIS PERFORMANCE TEST

ARegarding RIS as a network

LIQUID CRYSTAL RECONFIGURABLE
INTELLIGENT SURFACES
FOR 6G MOBILE NETWORKS /72

A

35 Rohde & Schwarz 2024 The path towards 6G

node

Measurement software
R&S AMS32

-

With RIS

Vector Signal Generator
R&S SMW200A

Signal and Spectrum Analyzer
R&S FSW

0
0
L 0
RF amplifier '
e.g. R&S FBZAMP67 Stimulation antenna :
(mounted on feed antenna arm)g
Probe antenna

Preferably crospolarized

RF amplifier
e.g. R&S FELAMP67

-




6GLICRISIlemaoat 6Gconferencen Berlin, 2024

Liquidcrystalreconfigurablmtelligentsurfacedor 6G mobileetworks

imEEmE N
\Illl....
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TAKEAWAYBR &S | S 006G READY! 0

Testing FR3

Target simulation for Integrated
Sensing and Communication (ISAC)

mh

E Testing Reconfigurable Intelligent Surface
(S

E AIl/ML training and performance test
E XR/AR/VR testing

E (Sub)THz measurements

RIS XR/AR/VR

R A

g~/

R&SFSW/SMW  R&SFE170ST/SR R&SNRP170 R&SAREGS00A R&SRTP R&SCMX500 R&SATS1800C
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#ThinkSid Video Series

The path towards 6G

2024

@ 38 Rohde & Schwarz


https://www.rohde-schwarz.com/de/knowledge-center/videos/-videos-thinksix_253280.html

