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« Radio models and enablers for extreme performance
 Al-driven air interface design
« Radio enablers for services beoynd communication: localization and sensing
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Scope and outline

o= v mEm o v mE W o f EE P o o R M R P W R F M R R ¥ W F M F EE F R s mm R M f M R M Em f mm  Em f mm s

: ((‘ ’))

(<<§>)

__________________:::::::= CPU
III
D T—— ) /" Channel model
A\ /
K Link model j
Radio architecture and models
RF transceiver Hardware D-MIMO
architecture models architecture

Signal processing techniques

D-MIMO schemes

S n mmm s mmm n mmm s s 8 mE R EEm 8 EE R M 8 M R EE A R R M A MmN M A M R M R EEm N M R M N M R M f M R M A R o

Radio link and system performance analysis

.
e e = o

5

Hexa X

Sub-THz (100 - 300 GHz) relevant use cases and
communication scenarios, technical
requirements, radio designh methodology, and
performance metrics

Material parameters for 2-260 GHz, and stored
channel model at 140 GHz based on measurement

RF transceiver for the frequency range (100 - 300
GHz), description and evaluation of the hardware
models, and D-MIMO architectures

Guidelines for waveform and digital transceiver
design, guidelines for beam management
techniques in sub-THz system, studies of D-MIMO
and integrated access and backhaul

Impact of deployment scenarios on the power
consumption, insights on the influence of radio
channel on link and system performance



Scenarios, technical requirements, radio
design methodology
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Scenarios, technical requirements, radio design

ﬁjb-THz (100-300 GHz) communication scenarios requirements\

Mid-range wireless | Short-range wireless Very short-range
access access wireless access
Digital twins for Digital twins for Fully-merged cyber-
manufacturing, fixed manufacturing, fully- physical worlds,
Example use cases . . .
wireless access, merged cyber-physical holographic
Wireless fronthaul worlds communication
Targeted data rate 100 Gbps 10 Gbps 100 Gbps
Typical link range 200 m 10-100 m 10 m
E2E latency 0.1 — 100 ms 0.1 — 100 ms <20 ms
oe Stationary Mid-speed vehicular Walking speed
Mobility @) (ells ) =8 k)
Radio channel Outdoor Indoor/outdoor Indoor/outdoor
Device classes AP AP, mobile device AP, mobile device
Radio design type Symmetric Asymmetric Asymmetric
Duplex mode TDD TDD TDD
Carrier frequenc 140 GHz, 200 GHz, 140 GHz, 200 GHz, 140 GHz, 200 GHz,
quency 300 GHz 300 GHz 300 GHz
Positioning / sensing 01-1m 001 m 0.0l m
accuracy
Positioning / sensing
latency (depends on 10 — 100 ms 100 ms 1-100 ms
mobility)
Delay/distance resolution 0.5m 0.1 m 0.1 m
\ Angle resolution 10 degrees 2-10 degrees 2 degrees /
N

RX RF chain
RX RF chain

LNA

LNA

Digital
Precoding
Digital
Decoding

Radio channel

o0
.8
8
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Splitting
network
Tx antenna array
Rx antenna array ‘

EMXM LNA

/ Deployment scenarios of different radio hardware options \

Mid-range
> (4 £~
« hﬂ

Fixed access <200 m

),
1 Short range Several radio options per
Core <100 m scenario and device type

network
Front haul

Very short range
<10m

‘@' \ery short range
<10m

Qositioning/sensing requirements are needed for joint communication and sensing radio desigu

/Radio design methodology )

~ parameter
Design KPI

[ Technical requirement

Modulation ‘ Effective channel Recelver
and coding | » Waveform (radio and alooHthen ‘
. Schemes | ’ ) propagation) . g )
y B Ia R
—  Bandwidth Aransmit
power
%
Required Hard “
Data rate esq':.l::;e ;Ldm:;e Range ?
{ ) @ Design step (function of
S - connected parameters)
MIMO rank o ? Antenna' P -> Dependency
(possible spatial | L—  Link budget - carrier ) HW related design
streams | ] frequency

Propagation (J cChannel characteristics

\ L Channel () Signal processing )




Channel & hardware modeling
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mllaterial permittivity & conductivity estimation: 2 to 260 GH)
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/Power amplifiers

+ Technology & centre frequency dependent modelling of saturated power

*  Memoryless & memory-dependent nonlinearity

» Parametrized models using measurements at 300 GHz
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ecture Hexa-X

Multi-array RF transceiver architecture
) - o ) Ve ~N oo 100Gbps 16QAM 300m »
I\?,:ﬁiz Aoirx AArx Papa N iNFLNA AAgrx Aotrx I\?:,:Ez Data-rate —antennas SC
(SNDR psc) b Bra Baxt (SNDRwo) —>EVM/SNDR & BW requirements 1200 ——antennas OFDM 120
1 [P g I Can : ——EIRP SC
FlggeY m e s > [ | L Link o 1000 ——EIRP OFDM 100
REBW INK range ) _ € 800 ——BWrel SC 80
fir L] - Beamforming, power, noise 2 ——BWrel OFDM
. 0 ©
v & rest of the RF impairments e e 0
Brxz BWee Brx2 3 400 40
BWer.n > 5 Partitioning for RF requirement analysis 200 20
o] H - Module & component requirements " .
C Pt - J 0 50 100 150 200 250 300

frequency (GHz)

EIRP (dBm) / relative BW (%)

/A )

DC requirement & performance analysis for 100 Gbps
200 1,0E+02
180 ‘ 1,0E401 2 R, data rate
160 1,0E400 f:g = Ru R. code rat.e
140 1,0E-01 RCM M modulation order
120 1,06-02 _
gwo 1,0E-03 = OFDM, R, = 100 Gbps, R.= 5/6
(~
Z g0 1,06-04 ll;\FV BW | fs SNDR
60 1,0E-05 GHz | GHz ADC
factor
0 LOE:De 16-QAM | 033 | 33 | 60 44.6
20 1,0€-07
64-QAM | 022 | 22 | 40 48.4
0 . 1,0E-08
1,0E406 1,0E407 1,0E+08 1,06+09 1,06+10 1,0E+11 1,0E+12 256-QAM | 0.17 [ 165 | 30 55.7
fs,nyq (Hz) 2D S:6-A

\ D Target /




ture

-

Distributed MIMO with key architectural design options

Transmission:
Coherent or not?

~
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-

D-MIMO with wireless fronthaul operating at high bands while
access links at low bands.

~

= At sub-6GHz, D-MIMO is mainly driven by the need for high-spectral efficiency.
= At very high frequencies, it is driven by the need to produce reliable communication links
= Allowing serving antenna to be closer to a UE provides a more reliable link.




Signal processing techniques
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nd baseband transceiver design Hexa-X

4 4-bits Modulation I 4 10°¢mR ) ‘ ' ' )
Y =—O— SC-FDE QPSK
e 10V ‘ =——O— DFT-s-OFDM QPSK
0+ RiNgQAM =)= SC-FDE 16QAM
—QAM === DFT-s-OFDM 16QAM
=0~ SC-FDE 64QAM
/ DFI'S - OFDM and \ === DFT-s-OFDM 64QAM
20
Lém & SC-FDE perform .
— . . Ll -1k
3 : @ similarly under =R
) - phase noise and
107 ¢ ® E - - o
S rgds : nonlinearity
| hy g | | N J
4 6 7 5 6 7 8 9
PAPR[dB] Eb/NO[dB]
[ Constellation shaping in SC-FDE improves PAPR ] y o 5 10 s 20
\ SNR dB /
4 103 N L SCS086MH: | \
10°F 1813 RTO| ]
' :‘é’ RT 1
/Forward-backward\ 8/' g e Bl m BN w gaeng I O
phase noise — Least Squares £t Layer-2 latency
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systems achieves |» BCRB g . .
performance = 4p al & processing
bound sl 1 i latency
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L1 mobility in D-MIMO
with spatial repetition
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(R
A | transmission
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(@) N S el
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\ UE, N
% W
/ 1 4 RU/DUs with Core-Connectivity 1 16 RU/DUs with Core-Connectivity \
4 RUs 16 RUs
9 RUs 0.8 25RUs |
16 RUs 36 RUs
g o. 25 RUs 5 06} 64 RUs | |
& - 36 RUs 2
% 64 RUs S

No. Hops to Core No. Hops to Core

Distribution of number of hops for different number of core-DU/RUs
and RUs. Iterative Dijkstra optimizing for link SINR for calculating
routes through the mesh.

/ 16 x10°
14+
=== Perfect channel
12+ ===Blockage, no NCR
== Blockage, NCR
_§_ 10+ ]
g 8 Lo Doy - o
g 67 800% gain
thanks to NCR
4 -
2 L
-40 -30 -20 -10 0 10 20 30 40
y0
[ NCR helps the network in the presence of blockage ]

Ir A -2 095

/vﬁ density = 200 km

50 IAB child nodes, 75 Mbps

AN

—/

085 Optimized deployment
208 o
) 2% 08
g 0.7 : 5 ol 1Y —
2 UE density = 400 knm™ 2075
51 % 8
§ 0.6 Blocking aware 3 07-
g s
o 2 0.65
s Blocking unaware :5
H 1 grid, UE density = 200 km™
2 fm’fm, = i ™ 0.6 Random deployment
0.4 75 Mbps, 20 IAB nodes km™, I donor km™ R SRR .
e X T ppepep 055" Networkareaof Lkm?, ..,
03 0.5 5 identical, circular constrained areas of radius r
40 50 60 70 80 90 100 120 140 160 180 200

Min inter-node distance threshold " (m)

Radius of constrained areas r (m)

Service coverage with constrained IAB deployment optimization
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Al-driven air interface design
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/NN-based Rx demapper to reduce PA non-linearity \
distortions

\ Using AI/ML to reduce BLER and improve throughput /

~N

/ML-aided channel (de)coding for constrained devices

___ Performance (63,36) Code

Improve the efficiency of Forward Error Correction (FEC)
mechanisms for short packets in 0T use-cases )

-

design

\

/AI-Based Enhancements for Sub-THz

400

— Learned, w/o piots (ACLR: 42.5 68)
— L5 4 LMMSE w/ pilots (ACLR: 32.4 48)
=== Known channel + LMMSE (ACLR: 32.4 48)

. s 10 2 14

2
SNR (d8)

o .
Bit
Bits Y Y estimates
Encoder OFDM transmitter Y—_. Y FFT Decoder R
4 'i
\ et /

.9 e

~ £End-to-end training O e

~—

Reduce overhead with pilotless transmission
Learn a waveform and a receiver jointly

J

t | I
10 12 " 16 18 20 2 2

Backoff wrt. unit variance (dB)

e e e o s e
=—]

i

Train a lightweight Tx-side CNN jointly with an ML-
based receiver to minimize OOB emissions

al-based beam selection for D-MIMO

Sequential scanning CS-based scanning
N beams A .

Vs / ‘ M<<N measurements A

N measurements

~25cm vs ~1m sempling distance: NLoS
(dense, 15 loyers, optimized D, with noem)

w SV
00/ A " ™

Autoencoder for dictionary learning

Bdom chonnel vector X

§ 1
D = weights \EJnlolded Recurrent NN Eoss|

B [T} e
= L o3

LISTA, Sparse LSTM, Ada-LISTA, etc. 2 $ - M\m\: |g.g..2|m|

@I/ML can provide joint dictionary and decoder design

Reduce beam scanning overhead with simultaneous beam testing

\

Low complexity channel estimation
using NNs

Tested on 3GPP channel madel COLE
— Nrbodl LewOmis

—_—
—

Turbo feedback

Yy=h+n —p

To save computation complexity use Turbo Al
architecture for different domains of the channel,

\'.@., Spatial, Frequency, time, separately. y,




Joint communication and sensing
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Methods, signals, and protocols for
localisation and mapping
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/Signal design for localization & sensing

Spatial signal optimization for sensing
Best combination of LoS and NLoS beam

Orientation

M R )

Gain [dB]
Gain [dB]

Improve accuracy by pre-coding with a-priori
knowledge of direction

Joint communication and sensing
ML-based method to optimize beam pattern
Without HW impairments

Radar target Comm target

With HW impairments
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rotocols for localisation and mapping Hexa-X

/

Localization methods

6D localization and synchronization

Estimation

RMSE of Pos.

B
pis. Rps

30 -20 -10 0 10
Prx(dBm)

Single snap-shot of DL MIMO-OFDM to
determine 6D orientation

.

Simultaneous localization and mapping

Y. Vs

z B
=
Estimate of map < os

|2, 2 Foz
= TN U
cmetstion Eh

Estimate the UE location and orientation
Synchronize with the BS
Provide a radar-like map of the environment

Channel estimation
RIS-assisted CSI acquisition

z ¥
E
Hes Hox w13
i
./ \"\ é 2
. e — x — 8 i
BS UE

“,' ‘I.‘- Il‘ "
Py dt3m)

Energy efficiency performance with structured or
unstructured channel estimation

-

»

Inter-carrier interference (ICI) mitigation
for sensing of moving targets

VAN
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— Space/tant-
= Estimation via
) et MR /
= Target Detecton
s ' l swp3
& 1 Step 2 Detection and
'
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1 Estimates.
50
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2. FFT (ICHfree)

= = Object Locaticas

N N\ PAVANN AR
v v
Ve AT
Y5 AW \

Magnitude [dB]
8 8 & & &
85

| L

© 0 0
Range [m]




Hexa X

Localisation and sensing in the 6G ecosystem




« Time-frequency perspective
* Focus on OFDM-like waveforms
» Dedicated pilots vs use of modulated data
» Constant-modulus constellations preferred

» Space perspective

Hierarchical in pulse
repetition

low unambiguous
velocity = high

Radar signal

4\{

goooooonanna

Target detected

Hierarchical in pulse
bandwidth

low range
resolution = high

*>Time

Target detected

Hierarchical in
beam width

Target detected

Detection mode

Tracking mode

Public

ACF

-10 -
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-20 +

-30

ime, frequency resources
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/4 Pulse train for sensing

Communication
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Ambiguity function for different modulation formats
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Enhanced communication services with
location and sensing information
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/Dynamic blockage avoidance with context awareneg

7% rate gain
f from MIMO
g 2
el
E [ |eoe
@ $*Method 7| 329 rate gain from q
5 blockage avoidance
&
=237
B
- ;s
= 335% rate gain from ,
% 2 PAand CSIT
3
g1 ]
3 =
E - L AT L » - «
SA, - '-‘"'_*-“—
() oo e i = =t .
30 35 40 45 50

Transmit SNR, dB

services with location and sensing

o

/ Environment-aware communication \

o AM"S n*/lﬁﬂ
d = d "

- ~
o o ©

Average Network SE (bps/Hz)
N ~

=
o

h NLoS Region
(a)
'

enviroment-aware
based S

(b) ]

~#Perfect CSI
“#-CKM, average UE location error of 0.3 meter|
#-CKM, average UE location error of 0.5 meter|

“B-CKM, average UE location error of 0.7 meter|
#-Training-based

25
Transmit Power of BSs (GBm)

Spectral efficiency with channel
training or known UE location
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HEXA-X.EU

L 5

Hexa-X

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 101015956.



