HORIZON-JU-SNS-2023 No 101139176

6G-MUSICAL

6G MUItiband Wireless and Optical Signalling for Integrated
CommunicAtions, Sensing and Localisation

D3.1 JCAS Waveforms And Precoding-Receiver
Processing Algorithm-Intermediate

Deliverable number: D3.1

Deliverable nature: Standard

Dissemination level: Public

Work Package(s): WP3

Version: V1.0

Date: 16 of June 2025

- ft?éfg:g)epdegx Union “Co-Funded by the European Union. Views and opinions expressed are, however, those of the

author(s) only and do not necessarily reflect those of the European Union or Smart Networks and

BGSNS Services Joint Undertaking. Neither the European Union nor the granting authority can be held
responsible for them.”



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

Executive summary

6G-MUSICAL, within the framework of the European Commission’s (EC) SNS-JU (Smart Network
Services-Joint Undertaking), is a pioneering project that integrates radio sensing and communication
technologies to establish new paradigms in radio frequency (RF) communication. The project aims to
equip 6G edge infrastructure nodes with integrated RF/radar-based radio-sensing elements that
operate in tandem with communication components. This fusion enables localisation, object tracking,
and 3D imaging with centimeter-level precision and resolution. As such, the project will explore novel
spectrally and energy-efficient system architectures and signal designs to support high-rate
communication across multiple frequency bands, seamlessly integrated with accurate sensing and
localisation.

Compared to other research on joint communication and sensing, 6G-MUSICAL distinguishes itself
in two key ways. First, it targets sensing for both connected and non-connected objects—an essential
consideration given the growing trend toward universal connectivity. Second, it tackles the challenge
of edge node synchronisation, which is vital for achieving ultra-high accuracy and resolution. The
project will leverage optical and electronic technologies to generate precise and stable reference
signals, enabling a network of intelligent, cooperative, multi-static radars within future 6G systems.
This will pave the way for new services, high-precision localisation, and high-resolution 3D object
reconstruction.

In the wireless domain, the 6G-MUSICAL project will define new waveforms optimised for joint
radio-sensing and communications, apply compressive sensing techniques, and develop cooperative
multimode sensing and localisation algorithms. On the network side, the focus will be on
synchronisation and calibration procedures among edge nodes, as well as compression techniques to
facilitate low-overhead transmission of collected data to a central fusion center. The optical/electrical
segment will handle the generation and distribution of reference signals and the design of novel
antennas tailored to 6G requirements. Machine learning (ML) will be employed to jointly optimise
system performance and service delivery. Key technologies will be demonstrated in laboratory
settings to meet a rigorous set of predefined key performance indicatiors KPIs.

6G-MUSICAL's Work Package 3 (WP3) is dedicated to the development of foundational signal
processing technologies that enable integrated sensing and communication at the physical layer. WP3
consists of four core tasks, which this report focuses on two of them. T3.1 and T3.2 study JCAS
waveforms and precoding receiver processing algorithms.

WP3 directly contributes to several high-level objectives of the 6G-MUSICAL project, particularly in
the area of joint physical-layer optimisation for communication and sensing. In Task 3.1, novel
beamforming strategies are investigated to enhance the performance of both functionalities
simultaneously, while Task 3.2 aims to develop receiver solutions that can robustly extract both data
and sensing information under practical hardware and channel constraints. This deliverable, D3.1,
outlines the current state of design methodologies, theoretical foundations, and preliminary
evaluation results for both beamforming and receiver design. It also includes problem formulations,
technical challenges, and initial benchmarks, along with a proposed evaluation framework based on
relevant performance indicators.

Importantly, the activities in WP3 (Tasks 3.1 and 3.2) are closely linked to the use cases and system
requirements defined in WP2. The design approaches developed in Tasks 3.1 and 3.2 are guided by
the practical scenarios and performance expectations identified in WP2.
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By grounding the technical work in clearly defined use cases and performance metrics, this report
ensures that the beamforming and receiver designs developed in this work package are theoretically
sound and practically relevant and impactful within the broader 6G-MUSICAL vision.

Page 3 of 78



6G-MUSICAL Horizon No. 101139176

Deliverable D3.1

Document Information

Project Number Horizon Europe - 101139176 | Acronym 6G-MUSICAL
. 6G MuUItiband Wireless and Optical Signalling for Integrated
Full Title o . .
CommunicAtions, Sensing and Localisation
Project URL www.6gmusical.eu

Document URL

EU Project Officer

Cristina CULLELL MARCH

Date of Delivery

Contractual

31/12/2024 (M12) | Actual

06/27/2025 (M18)

Atilio Gameiro (IT) Leonardo Lamas (IT)
Gabor Fodor (ETL) .

Authors . L Christos Masouros (UCL)
Yazid Lyazidi (ETL) . .

(Names and . Iman Valiulahi(UCL)

. Paulo Monteiro (IT)

affiliations) SN Kawon Han (UCL)
Beatriz Oliveira (IT) Julia Equi (ETL)
Adao Silva (IT) 9

Peer

Reviewers Gianna Avgousti (eBOS)

(Names and Nazar Idrees (IMEC)

affiliations) Izzat Darwazeh (UCL)

Issue Date Rev. No. Change

01/05/2025 V0.1 ToC ready

03/15/2025 V0.2 Initial contributions and nomination of reviewers

04/15/2025 V0.3 Final contributions

05/15/2025 V0.4 First full draft to TM & PC

06/03/2025 V0.5 Comments addressed, version to TM & PC

Page 4 of 78



https://www.6gmusical.eu/

6G-MUSICAL Horizon No. 101139176

Deliverable D3.1

06/04/2025 V0.6 Feedback to DE by TM & PC
06/05/2025 V0.7 Tentative final version consolidated
06/12/2025 V0.8 Comments addressed, version to TM & PC
06/16/2025 V0.9 Final version

V1 Submitted version

Page 5 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

Table of Contents

EXECULIVE SUMIMIAIY i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaeeeesaeseeeaaaeseeasasesenaneneenas 2
DOCUMENT INFOIMALION ..ottt st sttt e e b e sbe e sae e st e et e e sbeesbeesneenns 4
TaDIE OF CONETENES ...ttt ettt e bt s e st s bt e bt e bt e s beesaeesateeabeebeenbeesanenas 6
T o) B ST ={ U SRR 8
LISt OF TABI@S ..ttt bttt sttt et e s bt e s ae e sat e st e e bt e b e e be e s beesaeeeareentean 10
R [0 oo [¥ oy T o EEO OSSO USSP PPOPRRPRT 14
1.1 Deliverable OVEIVIEW ........coii ittt ettt sttt ettt ee s 14

2 Signalling Design and Over-the-Air Synchronisation for Distributed JCAS .........ccccovvveeeeeeeicccirieeeenn. 15
2 R O oYLt 41V TSRS 15

2.2 MAIN ACHIVITIES weeeeeeiiieee ettt e et e e s s e e s sbe e e e s snreee e snreeeenanee 15

2.3 KBY RESUIES ceeiiiiiiiii ittt e et e e st e e e s bt e e e e s bte e e e s bteeeesbtaeeesrteeeeabreeeennnes 16

2.3.1  Transmit Signalling Design for D-JCAS.......cooi it e e 16

D T A VS =11 T 1Y [ Yo 1] PP 17

233 PerformManCe IMEEIICS. ... .uiiiiieiiie ettt ettt ettt et e sb e sbee e sabee e e 18

2.3.4  Transmit Signalling Design: CRB-SINR Trade-offs........ccccccviiviiiiiiicieiiecee e, 19

2.3.5  Over-the-Air Time-Frequency Synchronisation in D-JCAS.........ccccocvieivviieeecncineeeeennen, 20

2.3.6  Signal and Sensing Channel MOdel........cc.ueiiiiiiiiiciie e 20

2.3.7  Proposed Signal Processing for Fine-grained Over-the-Air Synchronisation................ 22

2.4 Performance EValUations.......couoiiiiiieiiieeeice et 22

2.4.1  Performance Evaluations — D-JCAS Signalling DesSign .......ccccccvuveeeccieeeeciiee e, 22

2.4.2  Performance Evaluations — D-JCAS Over-the-Air Synchronisation .............cccccueeenneen. 24

2.5 FUBUIE WOTK. ettt sttt et b e s bt st st st e bt e b e e be e s bt e saeesaeeennean 26

3 Hybrid beamforming design for communication-centric JCAS .........coccviiieeiiieecciiee e e 27
T B @ ] oY [T o1 4 | V= PPN 27

3.2 MaAIN ACEIVITIES .ot 27

I BV =T o T 1Y/ o o 1= PPN 28

3.3.1 A Transmitted Signal MOdel ........ccuveiiiiiiiice e s 29

3.3.2  CommuNication MOAEl.......coouiiiiiiieieniereee et e 29

3.3.3  RAdio-SENSING MOUEL.......uiiiiiiiiee ettt e e e s e e e s 30

3.4 Hybrid Beamforming AlgOrithm ........c..ooiiiiiiiie e 30

3.4.1  Problem FOrmulation .........cooiiiiiieiiierieeeeeeee e 30

Page 6 of 78




6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

3.4.2  WMMSE-Based Equivalent Optimisation Problem ........ccccccoociiiiiiiiie e, 31
3.43  WMMSE-Based Equivalent Optimisation Problem ........ccccccoeciiiiiiiiii i, 31

3.5 KEY RESUIS ettt ettt e st e e s bt e e s be e s bae e nate e sbeeenaree s 34
3.8 FULUIE WOTK oottt st ettt e b e st s st s e ns 40

4 Precoder and Receiver Design for Cellular Bistatic JCAS SYStemS ......ccccovveeiviiiieieciiee e ecreee s 41
Ot N O] o] =T 4 V7= PSPPI 41
4.2 MAIN ACHIVITIES oottt e st e e st e e st e e s e e e s e e e e e e eaneeas 41
4.3  System Model of a Cellular Bistatic JCAS System for Precoder and Receiver Design ......... 42
4.4  Benchmark for Precoder and Receiver Design: Establishing Cramér-Rao Bounds for Sensing
AN COMMUNICATIONS .eeuviieiiieeite ettt ettt et s e st e e st e s sbte e sabeesbeeesabeesabeesanteesneeesanes 45

4.5 Determining the JCAS-Aware Maximum Likelihood Receiver........cccccceeeeeeciivvvveeeeeeeeecinne 49
4.6  Determining the JCAS-Aware MMSEMMSE RECEIVET .......vuveeeeeeiiiiiirieeeeeeeeeecirreee e e eeeeennnes 50
A7 NUMEIICA RESUILS ettt ettt ettt ettt e sat e e s bt e e sab e sabeesaeeesabeeenanes 51
A8 FULUIE WOTKS oottt ettt ettt ettt et e sttt e st e st e s abe e sabeeesabeesabeesaneeesabeeennees 55
e B AN o 1=Y o Vo [T T PSP URP 56
4.9.1  Proof Of TREOIEM 1 ...ttt ettt b e sttt e b e saee e 56
4.9.2  Proof of PropoSItioN 1 ........uiiiieiiiieiciiiee ettt ettt e e et e e e e ette e e e e tae e e e ebaeeeeebeaeaeeanes 56

F N T S oo} o) il 2 o) o Yo 1Y o o 10y USSR 59

5 JCAS Receiver Design: Joint DoA and Data Estimation in the Presence of Incomplete Signal
ODISEIVATIONS ...ttt ettt h e st s bt ettt e bt e s bt e sb et sat e eaeeeabeesbeesbeesaeesubesabeeabeebeenes 61
LT R Y/ =11 s T 0 [Tt {1V 61
5.2 MaiN ACTIVATES ... s 62
5.3 System Model and Problem FOrmulation..........cccceeeeciiiieeciiie e 63
5.4  The Dual of Atomic Norm Minimization .........ccoceeiiriieiiinienie e 64
55  DOA ESHMATION...ciiiiiiiiieee e s e 65
5.6  Communication Data EStimation.........ccccovuviiiiniiiiiiniiiiiii 66
5.7  Computational ComMPIeXity .....ccccuieeiiiiiieieiiee ettt e e rrr e e e e saare e e sraaaeeeeas 67
5.8  Fast JCAS Estimation via ADMM .......ccciiiiiiiiiiiiiiiiiiiiiiciic e 67
5.9 SIMUIAtion RESUILS ....eeiiiiiiiiieee ettt s s 69
5,00 FULUIE WOTKS oottt st st sttt et e b e s s s s e neene 73

B REFEIENCES. ...ttt ettt st sttt b e e st e r e e b e e reesane e 73

Page 7 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

List of Figures

Page 8 of 78




6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

Figure 1 - lllustration of the D-JCAS system, where each JCAS node is equipped with both transmit and
E=To TNV R T =T = T [ - 1N 17

Figure 2- Target localisation methods in D-JCAS: (a) TOF-based localisation and (b) AOA-based
[0 or=1 1= 14T o A SRR 19

Figure 3- Illustration of reciprocal bistatic sensing links utilised for the proposed over-the-air time-
frequUENCY SYNCNIONISATION. ... e e e e e e e et a e e e e e e e e s atbaeeeeeeeeeennnrraaeeeas 22

Figure 4-JCAS trade-off performances of the proposed D-JCAS transmit signal designs (a) with varying
numbers of users and (b) with varying numbers of JCAS nodes. The number of targets is K = 2. The
markers (#, A, and 0) on the lines represent the extracted solutions derived from the optimal solutions
Of the respective SDP ProblemMS. ... it bee e s e e e s s sbe e e s e snbeeeeenareeas 23

Figure 5- Comparisons of the execution time with respect to the number of subcarriers.................. 23
Figure 6- Target localisation accuracy in distributed JCAS with varying time-offsets between nodes.24

Figure 7-Target localisation accuracy vs. communication SINR trade-offs in D-JCAS under different
synchronisation approaches: (left) D-JCAS performance with centralised processing, and (right) D-
JCAS performance with decentralised processing for target localisation. ........cccccevviieeiiiiieeeiicneenn. 24

Figure 8- Performance gain of D-JCAS with various synchronisation approaches compared to the
single-node JCAS system. M denotes the number of transmit antennas at each JCAS node. ............. 25

Figure 9- lllustration of the considered JCAS SCENATIO. ...ccccuviieeeiiieeeeciiee e et e e e srre e e e saree e 28

Figure 10-The convergence of the weighted sum-rate obtained by the proposed ItAIHAD algorithm for
fully-connected HAD architectures with NRF € {4,8}, respectively. .........ccccceeeciiiiiiciiieieiiee e 35

Figure 11- The resulting transmit beampattern for a scenario with K = 4 UEs and Q = 2 radio-sensing
probing beams, obtained for a hybrid architecture with Ntx = 32 and NRf = 4.....cccceveviivnennen. 36

Figure 12-The trade-off between the mean sum-rate and the constraint 41 obtained for a scenario
with K = 4 and Q = 1: (a) comparison with fully digital, and TwoS-AltMin algorithm for NRf € {4,6},

(b) comparison with CADMM algorithm forNRf = 4 andn € {0.1, 0.9} cceeoiiieiiiiiieeeeeeee 37
Figure 13-The CDF of G¢plobtained for A1 = 0.3, NRf =4, K =4and Q = L..cccccevvvvverieenieencnnnns 38
Figure 14-The mean sum-rate with respect to NRf for the proposed ItAIHAD, and TwoS-AltMin
F ] F=do ] 1 1 [P PRUTR 39
Figure 15-The mean sum-rate versus the SNR ValUES. .......ccuveiiiiiiiiiiiiiie e 40

Figure 16- A simple bistatic JCAS system consisting of a multi-antenna user equipment (UE) that
transmits a pilot and a unitary constant envelope data signal in two subsequent time instances, a
passive object (referred to as the source of the sensing signal, see [18, Chapter~12 ] and a
multiantenna base station equipped with N7 receive antennas. .......ccccceeeeeieeeecciieeeccieee e e 42

Figure 17- An example of the likelihood function as a function of ¢ and 81 in the deterministic case,
which illustrates why it is difficult to find its global maximum. ..........ccccocoiiiiiiiiiic e 50

Figure 18- Comparing the CRBs for ¢ and 81 in the deterministic (Case 1) and stochastic (Case 3)
[ aTeTo L= 1 SRS PP SRR 53

Figure 19-Comparing the variances of ¢ and 81 in the deterministic (Case 1) and stochastic (Case 3)
models and relating them to the CRB (obtained with the deterministic model). ........cccceeeereeeennnnn. 54

Figure 20-CRB trade-off in the deterministic model (Case 1) when the path loss between the UE and
the BS is high (80 dB) and low (60 dB), denoted as “High PL” and “Low PL”, respectively. Both estimates
are sensitive to both the power setting (i.e. the value of P1) and the path loss. ........cccceeeeeiieeennneen. 55

Page 9 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

Figure 21-The syStemM MOAEL.........viiiieiiie e e e e e e et e e s eaaa e e e snnrseeessanraeaean 63
Figure 22- The dual polynomial for the proposed JOG estimator and conventional ANM in Figs. 2 (a)
oL I (o) IR =Ty X< 6 V7Y YRR 70
Figure 23-The RMSE of the DOA of the proposed estimator and benchmarks. .........ccccceeevcveveeiinennnn. 71
Figure 24- The SER of the proposed estimator and benchmarks. ..........cccocoiieiiiiiiiccie e, 72

Figure 25- The empirical rate of success of detecting all the DOAs from M = 50to M = Nr = 100.72

Figure 26- The execution time versus the number of antennas, N7........ccocceriiiiniiinniieniiec e 73

List of Tables

Table 1-The outage probability PG¢1 < A1 obtained for the TwoS-AltMin algorithm....................... 38
TablE 2- SYSTEM PAraMELEIS ceeeiiiiieiiiiiieeeee e e ettt e e e e e eee e e e e e eeeessettraseeeeeeesassssaeseeaeeesssssssseeeeseesnnsrnns 42
Table 3- Setting of the SyStemM ParameEters .........ueeeii i it e e e e e e e e e esbrrae e e e e e e e saanenes 51

Page 10 of 78




6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

List of Abbreviations

Abbreviation Full Form

6G Sixth Generation

ADMM Alternating Direction Method of Multipliers

AOA Angle-of-Arrival

AWGN Additive White Gaussian Noise

BCRB Bayesian Cramér-Rao Bound

BS Base Station

BSM Bistatic Signal Matching

BSrx Bistatic Receiver

BStx Bistatic Transmitter

CADMM Consensus Alternating Direction Method of
Multipliers

CFO Carrier Frequency Offset

c™M Constant Modulus

CoMP Coordinated Multi-Point

CPU Central Processing Unit

CRB Cramér-Rao Bound

(&) Compressed Sensing

Csl Channel State Information

cu Central Unit

D-JCAS Distributed Joint Communication and Sensing

DFRC Dual-Functional Radar-Communication

DoA Direction of Arrival

EC European Commission

ESPRIT Estimating Signal Parameters via Rotational

Page 11 of 78



6G-MUSICAL Horizon No. 101139176

Deliverable D3.1

Invariance Techniques

FDD Frequency Division Duplexing

FIM Fisher Information Matrix

GNSS Global Navigation Satellite System

HAD Hybrid Analogue-Digital

JCAS Joint Communication and Sensing

ISI Inter-Symbol Interference

ItAIHAD Iterative Alternate Hybrid Analogue-Digital
(Algorithm)

JCAS Joint Communication and Sensing

KPI Key Performance Indicator

KVI Key Value Indicator

LANM Lifted Atomic Norm Minimization

LoS Line-of-Sight

LS Least Squares

MIMO Multiple-Input Multiple-Output

MLE Maximum Likelihood Estimation

MMSE Minimum Mean Squared Error

MP Matrix Pencil

MSE Mean Squared Error

MUSIC Multiple Signal Classification

NLoS Non-Line-of-Sight

NP Non-deterministic Polynomial time

OFDM Orthogonal Frequency-Division Multiplexing

OR Offset Reciprocity

PL Path Loss

Page 12 of 78




6G-MUSICAL Horizon No. 101139176

Delive

rable D3.1

PoC Proof of Concept

PSK Phase-Shift Keying

QAM Quadrature Amplitude Modulation
QoS Quality of Service

RF Radio Frequency

RCS Radar Cross Section

RSb Radio-Sensing Beam

RSRP Reference Signal Received Power
RSRQ Reference Signal Received Quality
SDR Semidefinite Relaxation

SINR Signal-to-Interference-plus-Noise Ratio
SNS Smart Network Services

SNR Signal-to-Noise Ratio

SOE Super-Resolution Offset Estimation
SU-MIMO Single-User MIMO

TDD Time Division Duplexing

TO Timing Offset

TOF Time-of-Flight

ULA Uniform Linear Array

UE User Equipment

WMMSE Weighted Minimum Mean Squared Error
WP Work Package

3D Three-Dimensional

ML Machine Learning

Page 13 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

1 Introduction

The Work Package (WP). 3 of the 6G-MUSICAL project focuses on the development of advanced
signal processing techniques and waveform designs to enable joint radio-sensing and communication
functionalities. Tasks 3.1 and 3.2 of WP.3 build the core technical framework to support joint
communication and sensing (JCAS) systems through the innovation of new waveforms, precoding
methods, and receiver architectures that can handle the simultaneous demands of high-performance
communication and accurate sensing across diverse scenarios.

Task 3.1 “Joint Radio-Sensing and Communications Waveform” is led by UCL with the participation
of ETL. The primary focus of this task is the joint design of waveforms that can simultaneously support
both communication and radar functionalities within a dual-function framework. Rather than treating
sensing and communication as separate processes, this task aims to develop integrated waveform
solutions that serve both purposes efficiently. It explores the design of novel waveforms, enabling
accurate sensing while maintaining reliable data transmission.

Task 3.2 “Precoding and Receiver Design” is led by ETL with contributions from UCL and IT. This task
addresses the signal processing design at both the transmitter and receiver ends to support JCAS
operation. On the transmitter side, new precoding techniques are developed to simultaneously serve
multiple communication users and track multiple radar targets. These include optimisation-based and
codebook-based solutions that consider various practical constraints such as hardware limitations and
self-interference. On the receiver side, novel architectures are proposed to manage the joint reception
of communication signals and radar echoes, particularly in challenging environments. This involves the
integration of radar techniques like compressed sensing with communication detection methods. The
combined efforts of T3.1 and T3.2 aim to establish a robust and scalable foundation for JCAS in future
6G networks.

1.1 Deliverable overview

The main sections of the D3.1 are described below. Section 2 designs joint Coordinated Multi-Point
(CoMP) communication and MIMO radar signals for distributed JCAS systems to enable accurate target
localisation without requiring phase-level synchronisation. It also introduces an over-the-air
synchronisation method to achieve cm-level sensing accuracy using bistatic channel reciprocity.

Section 3 focuses on designing hybrid analogue-digital beamforming for multi-user, multi-beam JCAS
systems, balancing performance with hardware and energy efficiency. It proposes an algorithm that
optimises a weighted communication—-radar objective under power and sensing constraints,
supporting hybrid transmission with limited RF chains.

Section 4 tackles the understudied receiver-side challenge in bistatic JCAS by proposing a joint design
that suppresses mutual interference between communication and sensing signals while leveraging
existing cellular synchronisation. It formulates and optimises the trade-off between power allocated
to CSI acquisition, pilot/data transmission, and the SNR requirements of both tasks, delivering a
holistic Rx-side framework for reliable bistatic JCAS performance.

Section 5 describes a pilot-free JCAS receiver jointly estimates continuous DoAs and data symbols
via atomic norm minimization—robust to missing observations—and uses scalable SDR and ADMM
solvers for high-resolution, grid-free recovery.
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2 Signalling Design and Over-the-Air Synchronisation for

Distributed JCAS

This Section focuses on task T3.1 where we investigate a transmit signalling design for distributed
joint communication and sensing (D-JCAS) systems, where multiple JCAS nodes cooperatively perform
sensing and communication without requiring phase-level synchronisation. Below, we start with the
main objectives.

2.1 Objectives

This task aims to jointly design downlink CoMP communication signals and multi-input multi-output
(MIMO) radar signals, leveraging both collocated and distributed MIMO radars to estimate angle-of-
arrival (AOA) and time-of-flight (TOF) from all possible multi-static measurements for target
localisation. By doing so, it can provide optimal sensing performance (target localisation) while
guaranteeing communication quality of service (QoS).

The research in the task also explores an over-the-air time-frequency synchronisation framework
for the D-JCAS system, leveraging the reciprocity of bistatic sensing channels as the cooperation gains
can only be fully realised when the distributed nodes are perfectly synchronized, which is a challenge
that remains largely unaddressed in the current JCAS system. Accordingly, the developed technology
in this task enhances the performance of D-JCAS considering the effect of synchronisation and
provides the bottom-line target localisation performance of the synchronous D-JCAS, achieving cm-
level sensing localisation.

D-JCAS signaling framework directly addresses the technical requirements of 6G-MUSICAL's eight
use cases through its integrated sensing-communication capabilities. For Indoor AGV Localisation
(Use Case 1), the hybrid time of flight (TOF)/ angle of arrival (AOA) localisation achieves sub-meter
precision (meeting KPIs like < 0.1m range resolution), while over-the-air synchronisation replaces GPS
dependency in warehouses. Smart Convoys (Use Case 2) leverage noncoherent CoMP transmission
and distributed MIMO radar to maintain < 0.5m/s velocity accuracy for platooning, with the
framework’s SINR guarantees ensuring uninterrupted V2X communication.

The bistatic sensing and super-resolution synchronisation are critical for security applications:
Intruder Detection (Use Case 3) and UAV Monitoring (Use Case 6) exploit environmental reflections
to achieve < 2% miss-detection rates in non-LoS conditions, while Railway Intrusion Detection (Use
Case 8) benefits from cm-level TOF accuracy across distributed nodes. For infrastructure monitoring,
Road Fault Identification (Use Case 4) uses the same TOF/AOA fusion to detect sub-0.5m surface
anomalies, and Weather Monitoring (Use Case 5) repurposes synchronisation signals for hyper-local
atmospheric tracking. In smart homes, Fall Detection (Use Case 7) relies on the system’s 50Hz update
rate and 10ms latency to trigger emergency alerts. By optimising CRB-SINR trade-offs, the framework
dynamically allocates resources across these diverse applications while meeting each use case’s
distinct KPI thresholds.

2.2 Main Activities

The main activity of this task introduces an innovative transmit signal design framework for D-JCAS
systems, integrating both collocated and distributed MIMO radar for target localisation alongside
noncoherent CoMP downlink communication. The sensing component adopts a hybrid localisation
strategy that combines AOA and TOF measurements, effectively leveraging the strengths of both
techniques to enable high-precision target localisation. Then, we introduce a novel over-the-air time-
frequency synchronisation technique that utilises multiple sensing targets or scatterers as
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synchronisation references. In contrast to conventional approaches that depend on LoS links or
dedicated synchronisation hardware, this method exploits sensing data inherently available in D-JCAS
systems, eliminating the need for additional signal design and enabling robust synchronisation in
complex environments.

A D-JCAS signal model is developed, along with performance metrics tailored for multi-target sensing
and multi-user communication. Based on this model, we formulate optimisation problems aimed at
minimizing the target localisation Cramér-Rao Bound (CRB) while maintaining a guaranteed SINR for
communication users. These non-convex problems are addressed using semidefinite relaxation (SDR).
Three transmit signal design strategies are proposed: optimal, orthogonal, and beamforming-based.
The optimal design offers the highest sensing performance but involves significant computational
complexity. The orthogonal design introduces inter-node signal orthogonality to reduce
computational load, while the beamforming design simplifies implementation further by focusing on
optimising AOA estimation. We develop a super-resolution timing offset (TO) and carrier frequency
offset (CFO) estimation technique based on offset reciprocity (OR), leveraging bistatic observations
between node pairs for high-precision synchronisation. This is achieved through bistatic signal
matching (BSM) processing, which compresses information from sensing targets into a single offset
component for accurate estimation. Off-grid estimators such as maximum likelihood estimation (MLE)
and the matrix pencil (MP) method are employed, effectively overcoming the resolution limitations of
traditional on-grid spectral cross-correlation techniques. The pairwise synchronisation method is
extended to an N-node distributed network through a scalable multi-node synchronisation
framework. For randomly deployed JCAS nodes, we derive a tractable theoretical performance bound,
providing a lower bound on total offset estimation variance. This analysis ensures a rigorous
evaluation of synchronisation accuracy under the proposed approach.

These signal designs and over-the-air synchronisation technique align with the objectives of relevant
Tasks and WPs, particularly supporting the JCAS scenario development in WP3. The work emphasizes
highlights the critical role of signal processing solutions in advancing practical D-JCAS systems, offering
adaptable solutions that balance performance with implementation feasibility. Furthermore, the
developed techniques can be integrated and collaborated not only within WP3 but also with other
WPs in 6G-MUSICAL working on distributed sensing and localisation algorithm.

2.3 Key Results

2.3.1 Transmit Signalling Design for D-JCAS

Next-generation wireless networks are increasingly aiming to unify communication and radar
sensing under a single infrastructure. This paradigm, known as JCAS, provides potential
enhancements to spectrum and hardware efficiency [1]. However, when multiple JCAS nodes
cooperate across a wide geographical area, forming a D-JCAS architecture as shown in Figure 1, new
complexities arise [2]. These complexities stem from managing both communication interference
across cells and the distribution of radar sensing tasks among spatially separated antennas. If nodes
are not phase-synchronized (noncoherent), their individual waveforms add in power rather than
amplitude, influencing both communication and radar performance.
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Figure 1 - lllustration of the D-JCAS system, where each JCAS node is equipped with both transmit and
receive antenna arrays.

The D3.1 focuses on a noncoherent D-JCAS system that employs CoMP transmission for
communication and leverages distributed MIMO radar functionalities for sensing. We discuss the
signal model, the performance metrics used to gauge communication and sensing effectiveness, the
optimisation problem that trades off radar localisation accuracy with downlink user SINR constraints,
and finally present a concise set of simulation studies to illustrate system performance under various
parameter settings.

2.3.2 System Model

We consider N JCAS nodes, each equipped with M; transmit antennas and M, receive antennas,
deployed over a region. A CPU handles the distribution of downlink data to each node as well as the
processing of radar returns. Communication takes place on the downlink to U single-antenna users,
while the radar functionality seeks to localize up to K targets in two-dimensional space. The nodes
operate in full-duplex mode, transmitting and receiving simultaneously on orthogonal frequency-
division multiplexing (OFDM) subcarriers. Time-frequency synchronisation among nodes is assumed,
ensuring alignment of OFDM symbols across the network. However, there is no phase-level
synchronisation. The time-frequency synchronisation will be detailed in the next section of this
deliverable. Consequently, signals from different nodes cannot be coherently combined, resulting in
a power-adding effect at each user or radar receiver. Each node’s position is denoted p,, = [ x,,, v,17,
and the user positions are g, = [ x,v,,]7. The goal is twofold: ensure that each user’s SINR surpasses
a threshold I, while also minimizing the localisation error for the K targets.

The transmit signal at node n during OFDM symbol t combines both communication waveforms and
radar waveforms. We write:

Xn[t] = X{c,.n} [t] + X{s.n}[t]- (2-1)

Here, X(;ny[t] is the communication signal intended for multiple users on L subcarriers, while
Xsmylt]l is the radar signal designed to facilitate target detection and localisation. For the
communication portion, each subcarrier | can be expressed as:
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Xieny = Wieny Sienys (2-2)

where Wi, 1y in CMt*U s the precoding matrix for U users, and S(cyin CY*1 is the data symbol vector.
The node's radar signal X(,; may also be distributed across the L subcarriers, potentially employing
orthogonal waveforms per antenna to achieve diversity in angle and range estimation. Node n thus
sends a composite signal that satisfies certain power constraints on each antenna. Due to phase
noncoherency, the power from each node accumulates rather than the amplitudes. This affects the
final expressions for the SINR and for the Fisher Information Matrix (FIM) used in radar localisation, as
subsequent sections describe.

2.3.3 Performance Metrics

1) Communication SINR

For user u on subcarrier [, define hg, 1y € CMt*13s the channel from node n to that user. Let

W nu 1) be the beam corresponding to user u in the precoding matrix Wi , ;3. The SINR accounts for
the intended signal power, the interference from other users on the same subcarrier, the interference
from radar signals, and AWGN. Under noncoherent combination, the useful signal power from
multiple nodes sums in power, leading to:

(D[ a— (2-3)

2 2 2\
Zg:1[Zi¢u|h51,u_l}w{c,n,i,l}| + |hgl_u,l}x{s,n,l}| ]+%>

Yicul} = (

Note that radar signal interference from node n enters via the term |hg1,u,z}x{s,n,l}|2- The sum of these
terms across all N nodes constitutes the total interference. Maintaining y(.,,;} = It for each user u
and each subcarrier / is a principal design requirement. We must control the radar waveforms so as
not to degrade communication performance below acceptable QoS levels.

2) Radar Localisation accuracy via CRB

The radar localisation performance is quantified by the Cramér-Rao Bound (CRB), which
characterizes the minimum achievable mean square error of the target parameter estimates. The
target localisation is achieved by exploiting both TOF and AOA estimation as shown in Figure 2. If we
collect all unknown parameters, target positions and reflection coefficients, into a vector 0, the for
an observation Y; forms the basis for computing the CRB:

CRB = tr([F(®)]™Y). (2-4)

A lower CRB indicates more accurate target localisation. In a noncoherent distributed radar
configuration, monostatic and bistatic links from all N nodes can be utilised, improving spatial
diversity. However, the noncoherent nature modifies the relationship between the radar signals and
the received reflections, thus affecting how the FIM is formulated. In essence, the cross-correlation
between different nodes’ waveforms does not translate into coherent combining but can still impart
beneficial diversity for target localisation.
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Figure 2- Target localisation methods in D-JCAS: (a) TOF-based localisation and (b) AOA-based localisation.

2.3.4 Transmit Signalling Design: CRB-SINR Trade-offs

Our goal of the design is to minimize the CRB while ensuring each user’s SINR remains above a
threshold. Additionally, we impose a per-antenna power limit on each node’s transmit antennas. A
typical formulation of the problem is

minimize tr([ F(@)]™1), (2-5)
S.t. Yiewl 2 I,

[Rn]{m,m} < PT-

Here, F(@) depends on the design of the waveforms, which influences both power and cross-
correlation properties for radar sensing. Meanwhile, y(.,, ;3 depends on x(. ;;, the communication
precoding. Because X ;3 and X(. ;3 share the same power budget, these signals must be allocated
in a manner that balances sensing and communication demands. For D-JCAS signalling design, we give
the three different signalling designs depending on signal structures: optimal, orthogonal, and
beamforming designs. They are investigated as follows:

1) Optimal Design (P.1)

The optimal design imposes no restrictions on how each node’s radar and communication
waveforms correlate across subcarriers. This means that cross-node and cross-subcarrier correlations
can be exploited in principle. In a semidefinite relaxation (SDR) approach, the design variables become
large PSD blocks capturing the communication and radar signal covariances for every node and
subcarrier. Because the system is noncoherent, each user’s SINR sums power terms from multiple
nodes independently, whereas the FIM for radar incorporates cross-node correlations if waveforms
are correlated. Solving this yields the theoretical best CRB under the constraints. However, the high
dimensionality of PSD matrices can make (P.1) computationally expensive. After a solver obtains a
solution, a rank-1 factorisation step is needed to extract individual beam vectors for each user and
subcarrier.

2) Orthogonal Design (P.2)

The orthogonal design reduces complexity by enforcing subcarrier orthogonality among nodes.
Specifically, node n is assigned a subset of subcarriers that do not overlap with those assigned to node
m #n. A common technique is subcarrier interleaving. This ensures that cross-node signal
correlations vanish across subcarriers, simplifying both the communication SINR constraints and the
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radar FIM computations. Consequently, the design variables for each node’s subcarrier become
decoupled from those of other nodes. The resulting semidefinite program is smaller in size and can
often be solved more readily. While orthogonal design may sacrifice some potential benefits of cross-
node cooperation in radar, it retains many advantages of distributing multiple nodes and typically
achieves near-optimal CRB for moderate setups. Moreover, rank-1 extraction is less complicated, as
each subcarrier is handled largely in isolation.

3) Beamforming Design (P.3)

The beamforming design further reduces complexity by imposing uniform radar beamforming
across all subcarriers within each node. Instead of independently optimising radar signals per
subcarrier, node n uses a fixed beamforming matrix for its radar signal across the entire bandwidth.
The motivation is that AOA estimation primarily relies on spatial shaping, while TOF estimation is not
optimised in this design. Consequently, the CRB generally worsens in terms of range accuracy.
However, the gain in computational complexity can be substantial, as we only optimise one radar
beam per node, rather than one per node-subcarrier pair. This approach can be effective in systems
where angle estimation is paramount, and range resolution can be tolerated at a coarser level.

Overall, the choice among these three depends on system requirements (precision vs. complexity),
the range of expected target positions, and the number of users or subcarriers. In many practical
scenarios, orthogonal design (P.2) strikes a good balance, although some deployments prioritize the
simplest beamforming approach, while others can afford the fully optimal method for maximum
sensing performance.

2.3.5 Over-the-Air Time-Frequency Synchronisation in D-JCAS

Accurate and reliable synchronisation is essential for both communication and sensing in a
distributed JCAS system investigated in 6G-MUSICAL. Relying solely on optical clock distribution or
GNSS for time and frequency synchronisation may not be feasible in complex environments, such as
urban canyons or indoor settings, where the implementation of the wireline infrastructure is limited,
or satellite signals can be obstructed [3]. To ensure robust performance, distributed JCAS systems
require over-the-air self-synchronisation techniques that maintain coordination without external
references. Traditional over-the-air synchronisation methods depend on line-of-sight (LoS) links, but
in many real-world scenarios, LoS links may be unavailable. To address this challenge, 6G-MUSICAL
presents a novel synchronisation approach that leverages reflections from multiple objects or
scatterers in the environment, which is a unique advantage of JCAS systems.

The method described in the deliverable D3.1 capitalizes on the fact that when two nodes observe
the same objects from different positions, they experience timing and frequency shifts in a reciprocal
manner, meaning the shifts are equal in magnitude but opposite in direction. This property is defined
as offset reciprocity (OR). By exploiting OR, a high-accuracy synchronisation framework is developed,
which compresses multiple reflected signals into a single offset value, enabling precise time and
frequency alignment. This approach not only improves synchronisation accuracy but also eliminates
the need for dedicated reference signals, making it a practical and scalable solution for D-JCAS
systems.

2.3.6 Signal and Sensing Channel Model

An OFDM is utilised for both wireless synchronisation and downlink JCAS operations. To ensure
clarity, the signal model follows a general OFDM framework, incorporating preambles, pilots, and JCAS
signals, which include modulated communication data for transmission. This structured signal model
enables over-the-air synchronisation while supporting seamless communication and sensing functions
with the distributed JCAS system. The transmitted OFDM signal at the nth JCAS node in the D-JCAS
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system is given by

Q P
1
sn(t) =— Xnlp, q]
- exp (j (Zn(fc +6rn + pAf)(t

b)) (T

where P and Q represent the number of OFDM subcarriers and symbols, respectively. The term
X, [p, q] denotes the (p,q)-th element of the modulated symbol matrix X,,. The carrier frequency is
denoted by f,, while &, , and & ,, represent the TO and CFO relative to a reference node. Without loss
of generality, we set the reference node index as n=1. We assume that the transmitted sequences are
fully orthogonal. Additionally, the cyclic prefix (CP) is omitted in this formulation, as CP removal during
receiver processing prevents inter-symbol interference (ISI).

(2-6)

In the frequency-domain representation, the received signal at the node n, which is transmitted
from the other nodes and reflected by scatterers is expressed as

Yo =2N-1Ynm +Zn (2-7)
Yom = Hym O Xm,

Hn,m = At,n,m lIJn,m Af,n,mr

where (O denotes the Hadamard product. ¥, ,,, represents the true target channel matrix free from
TO and CFO effects. Ay, and Af 5, denote TO and CFO between nodes n and m, respectively. Also,
Z, is the additive white Gaussian noise (AWGN) at the note n. It is readily observed that the target
channel H,, ,,, includes the impact of TO and CFO, introducing distortions in target range and Doppler
estimation unless properly compensated. To estimate a specific sensing channel H,,,, from the
received signal, the frequency-domain matched filtering is performed by using the transmitted signal
from node m.

7] Scatters \YA
- Bistatic links, £,
— Bistatic links, £,_,;
ISAC node 1 ISAC node 2
(86,1,6¢1) (8:267.2)
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Figure 3- Illustration of reciprocal bistatic sensing links utilised for the proposed over-the-air time-frequency
synchronisation.

2.3.7 Proposed Signal Processing for Fine-grained Over-the-Air Synchronisation

In the proposed over-the-air synchronisation framework, the offset reciprocity in reciprocal bistatic
sensing channels is utilised. Since multiple unknown reciprocal bistatic sensing links exist, as illustrated
in Figure 3, these links can be leveraged to estimate TO and carrier frequency offset CFO between two
JCAS nodes. The key principle is that while the actual target range and Doppler parameters in
reciprocal bistatic links remain unchanged, the TO and CFO effects appear symmetrically in opposite
directions, which is mathematically written as

At,n,m = Ag,m,nr (2-8)

Af,n,m = A;,m_n;

where denotes the conjugate operator. This OR properties for TO and CFO allow us to estimate them
without directly determining target parameters.

The proposed signal processing framework enables synchronisation by focusing solely on TO and CFO
estimation, regardless of the number of targets. Unlike traditional methods, it does not require prior
knowledge of targets or the locations of JCAS nodes, making it a flexible and scalable solution for
distributed JCAS systems. As a first step of the proposed technique before applying super-resolution
estimators for TO and CFO estimation, we develop a bistatic signal matching (BSM) procedure to
aggregate multiple scattered signals into a single offset for estimation.

The over-the-air synchronisation in distributed JCAS is implemented with the following steps:

1. Delay-Doppler pre-processing to decouple delay and Doppler parameters for TO and CFO
estimation. This reduces computational complexity compared to two-dimensional signal
processing for joint TO and CFO estimation.

2. Bistatic signal matching of the reciprocal bistatic measurements. It is implemented by the
conjugate multiplication of the reciprocal bistatic signals in time domain (for TO) and frequency
domain (for CFO).

3. Apply super-resolution offset (SOE) estimators to get the fine-grained TO and CFO to the
matched signals. Two different super-resolution estimators, maximum likelihood estimator
(MLE) and matrix pencil (MP) approach, are developed. Here, they are denoted as SOE-MLE and
SOE-MP, respectively.

4. Compensate the estimated TO and CFO at the received sensing signals.

2.4 Performance Evaluations

2.4.1 Performance Evaluations — D-JCAS Signalling Design

First, we validate the CRB-SINR trade-offs of the three designs, as shown in Figure 4 (a). The
proposed D-JCAS transmit signal designs clearly demonstrate trade-offs between sensing and
communication performance. As expected, the optimal signal design (P.1) achieves the best
sensing performance compared to the other two designs utilizing orthogonal signal transmission.
This result indicates that orthogonal signals for distributed MIMO radar do not guarantee optimal
sensing performance for target localisation. Furthermore, the overall JCAS performance degrades
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as the number of users increases in all three designs, and the maximum achievable
communication SINR also decreases.
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Figure 4-JCAS trade-off performances of the proposed D-JCAS transmit signal designs (a) with
varying numbers of users and (b) with varying numbers of JCAS nodes. The number of targets is K =
2.
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Figure 5- Comparisons of the execution time with respect to the number of subcarriers.

In Figure 4 (b), we illustrate the JCAS performance gain of D-JCAS with varying numbers of
cooperative nodes. Here, the JCAS nodes are positioned all equidistant from the origin. As the number
of cooperative nodes increases, we observe performance improvements in both sensing and
communication. From the perspective of communication performance, this cooperation gain stems
from noncoherent CoMP transmission, which leverages the power combining gain of distributed JCAS
nodes. For target localisation, the performance gain arises from the noncoherent processing of the
distributed MIMO radar, utilizing TOF measurements to localize the target [4]. It is worth noting that
this cooperative sensing gain is significantly influenced by the geometry of the target and node
positions [4]. Furthermore, the optimal number of distributed JCAS nodes can be determined by
considering the antenna-to-node allocation for a given cooperative node density [5]. The markers (#,
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A, and O) on the lines represent the extracted solutions derived from the optimal solutions of the
respective SDP problems.

We empirically evaluate the execution time of each D-JCAS transmit signal design. The measured
execution times are averaged over 100 trials. As shown in Figure 5, for all three design methods, the
execution time increases with the number of subcarriers, consistent with the complexity trends. As
expected, the optimal signal design (P.1) exhibits the longest execution time among the three designs.
The three designs demonstrate clear performance-complexity trade-offs. Consequently, one can
select an appropriate design based on the system requirements such as computational resources.

2.4.2 Performance Evaluations — D-JCAS Over-the-Air Synchronisation

The overall system parameters are set as follows: the OFDM signal bandwidth is 50 MHz, and the
number of OFDM subcarriers and symbols are P = 64 and Q = 32, respectively. Since the proposed
method is designed to provide fine-grained offset estimation and compensation, the standard
deviations of the initial TO and CFO are set to 20 ns and 10 kHz, respectively. The bottom-line target
localisation performance in noncoherent distributed JCAS is evaluated, which validates the
effectiveness of the proposed over-the-air synchronisation.
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Figure 6- Target localisation accuracy in distributed JCAS with varying time-offsets between nodes.
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Figure 7-Target localisation accuracy vs. communication SINR trade-offs in D-JCAS under different
synchronisation approaches: (left) D-JCAS performance with centralised processing, and (right) D-JCAS
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performance with decentralised processing for target localisation.
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Figure 8- Performance gain of D-JCAS with various synchronisation approaches compared to the single-node
JCAS system. M denotes the number of transmit antennas at each JCAS node.

Figure 6 illustrates the impact of synchronisation on the target localisation performance in a
distributed JCAS system for both centralised and decentralised processing. The analysis assumes that
nodes are randomly deployed with a density of 100 nodes per square kilometer. In centralised
processing, localisation is achieved by fusing signal-level data from all JCAS nodes. As a result, both N
monostatic links and (N2 — N) bistatic links contribute to the target localisation process, leading to
higher accuracy due to the increased number of measurements. For decentralised processing, each
node performs target localisation independently. In this case, only the estimated TOFs from a single
monostatic link and (N — 1) bistatic links are combined for localisation. This approach reduces
communication overhead but may result in lower localisation accuracy compared to centralised
processing.

In the simulated results, centralised processing demonstrates more robust localisation performance
against time synchronisation errors compared to decentralised processing. This is because monostatic
measurements, which are unaffected by time offset, help compensate for errors in bistatic
measurements caused by time offset. In the decentralised case, target localisation error increases
proportionally with time synchronisation error. However, its impact decreases as the number of nodes
grows. A larger number of nodes provides more independent bistatic measurements, increasing
spatial diversity and enabling the JCAS system to mitigate synchronisation errors through the fusion
of multiple bistatic measurements.

The JCAS trade-off performance obtained by applying different synchronisation techniques supports
this analysis, as shown in Figure 7. The performance of decentralised processing is significantly
affected by time offset between JCAS nodes. With only a single monostatic link available, it cannot
compensate for errors in bistatic measurements. Additionally, distributed JCAS performance using
synchronisation based on spectral cross-correlation shows a noticeable performance gap compared
to the case without synchronisation errors. This highlights the advantage of the proposed super-
resolution offset estimation techniques, which enable fine-grained offset estimation for improved
synchronisation accuracy.

D-JCAS improves target localisation by leveraging spatial diversity in distributed MIMO radar but is
sensitive to synchronisation errors. Figure 8 compares noncoherent D-JCAS with a single-node JCAS
system. When using the same number of antennas per node, D-JCAS achieves better localisation
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accuracy and SINR due to power combining. However, a single-node JCAS system with an equivalent
total number of antennas attains higher SINR due to coherent gain. While D-JCAS benefits from spatial
diversity, spectral CC-based synchronisation (250 ps accuracy) prevents it from outperforming the
single-node system. In contrast, the proposed SOE-MP technique (10 ps accuracy) provide enough
cooperative sensing gain even with the decentralised processing.

2.5 Future Work

Future work of signalling design involves investigating coherent D-JCAS systems, where distributed
nodes achieve phase-level synchronisation to allow signals to add coherently at the communication
receivers and the radar front-end [5]. Such coherent designs could potentially unlock further gains in
communication performance and improve parameter estimation accuracy. However, the challenge of
mitigating phase noise and maintaining precise alignment across multiple geographically separated
antennas is non-trivial. Advanced phase-tracking algorithms, hardware calibration, and robust
synchronisation protocols would be needed to ensure reliable phase coherence, especially under real-
time, dynamic operating conditions.

A second area of interest lies in developing more efficient decentralised designs that lower the
reliance on a central processing unit. While a centralised CPU can optimise signals globally, it may
incur significant overhead in data exchange, computational load, and latency. By contrast,
decentralised approaches would allow nodes to make local decisions, potentially relying on partial or
shared information to coordinate radar and communication resources. This distributed strategy could
substantially reduce D-JCAS signalling and be more robust to node failures, but it raises new questions
about how to ensure near-optimal performance in the presence of incomplete global knowledge and
inherently asynchronous distributed nodes.
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3 Hybrid Beamforming Design For Communication-Centric JCAS

This Section aims to design precoding techniques for JCAS systems. Specifically, it focuses on the
design of a hybrid analogue-digital beamforming for multi-user and multi-beam JCAS scenarios. We
first give the main objectives below.

3.1 Objectives

The hybrid architecture is essential as it offers a practical trade-off between hardware cost, power
consumption, and system performance, enabling scalable and energy-efficient implementations of
JCAS systems with large-scale transceiver arrays. The work clearly fits in T3.2, which is devoted to
precoding and receiver design. Among the specific objectives listed for the task, it is written in the
DoW:

e exploring optimisation-based approaches with weighted communication — radar metrics,
communication optimisation with radar constraints and vice-versa;

e explore hybrid analogue-digital transmission to allow JCAS transmission using limited
numbers of RF chains at the transceivers.

Specifically, the work addresses these two points by proposing an algorithm for optimising the hybrid
beamformer that maximizes a weighted sum-rate, subject to both power and radio-sensing
constraints. Furthermore, the solution supports hybrid transmission with a limited number of RF
chains, contributing to the objective of achieving energy-efficient precoding under practical hardware
constraints.

The hybrid beamforming design for communication-centric JCAS presented in this document directly
supports several 6G-MUSICAL use cases by enabling efficient joint sensing and communication. For
Indoor AGV Localisation (Use Case 1), the hybrid beamforming algorithm optimises multi-beam
steering to achieve sub-meter precision in warehouse environments, while the power-efficient HAD
architecture (with limited RF chains) reduces hardware costs—key for scalable deployments. Similarly,
Smart Convoys (Use Case 2) benefit from the weighted sum-rate maximization, which ensures reliable
V2X communication (meeting SINR thresholds) while maintaining radar-like sensing for platoon
coordination. The framework’s ability to enforce radio-sensing constraints (e.g., minimum
beampattern gain A,) is critical for Intruder Detection (Use Case 3) and UAV Monitoring (Use Case
6), where robust target illumination is required despite dynamic interference.

The proposed algorithm outperforms existing methods in balancing communication and sensing
performance, as demonstrated by its superior sum-rate and guaranteed constraint fulfilment (0%
outage probability for A,). This reliability is essential for Railway Intrusion Detection (Use Case 8),
where missed detections (< 1%) could have severe safety implications. Additionally, the SNR-adaptive
performance ensures consistent operation in Weather Monitoring (Use Case 5), where environmental
conditions may degrade signal quality. Future work on joint receivers will further enhance these use
cases by addressing multipath-rich environments like smart homes (Fall Detection, Use Case 7) and
urban areas (Road Fault Identification, Use Case 4), closing the loop on end-to-end JCAS integration.

3.2 Main Activities

The following presents a novel precoding design method for JCAS scenarios, in which both
communication and sensing metrics are jointly considered in the design process. The work was
conducted under Task 3.2 and contributes to the objectives of WP3, particularly regarding the design
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of precoders for the JCAS scenario. Specifically, it addresses the design of fully-connected hybrid
beamforming for a multi-user and multi-beam JCAS system, where both communication and radio-
sensing functionalities are jointly considered. Unlike prior methods that usually fail to fulfil
communication/sensing constraints, the proposed approach ensures that these are consistently met.
The algorithm leverages the spatial dimension to jointly enable communication and radar
functionalities. The following sections present the system model and provide a detailed description of
the iterative alternate optimisation algorithm developed for the design of hybrid beamforming
matrices that meet the dual performance requirements.

3.3 System Model

The scenario under consideration is depicted in Figure 9. The transmitter base station (BStx) is
equipped with a uniform linear array (ULA) holding Ntx antenna elements. The BStx jointly transmits data
towards K single-antenna UEs, while steering Q RSbs to specific locations. The BStx jointly serves K single-
antenna user equipment (UE) and steers Q radio-sensing probing beams (RSb) pointing towards ¢q
directions for target detection. The channel between the BStx and UEs can be either LoS or non-line-
of-sight (NLoS), while the targets are assumed to have LoS with the BStx and are illuminated by the
RSbs.

Ant.1

N | ]
1 . ) : :
Digital Analog . —=m== Radio-sensing probing beams
Precoder| | (Precoder|, ° . — Communication channel
. W, . W, Nt Nex
~7 ---# echo channel
sr[ ol I Nrr| | ] _

RSby

Central Unit

Figure 9- Illustration of the considered JCAS scenario.

In Figure 9, the radio-sensing signal processing, namely target detection and estimation of targets
parameters, is done in a bistatic receiver (designated as BSrx) or a central unit (CU) as proposed in [6].
The reason to consider a bistatic topology is related to the self-interference issues inherent to the
monostatic topologies. In this arrangement, the communication signals can be used for sensing as
either the CU or BSrx knows the communication signals transmitted by the BStx. In the following, it is
assumed that the channel state information (CSI) is known by BStx. The CSI may be acquired by utilizing
pilot signals, where conventional techniques like minimum mean squared error (MMSE) and least-
squares (LS) [7] can be used. Considering FDD, the channel is estimated at the UE, and the parameters
are transmitted through an appropriate channel to the BStx. If TDD is considered, the BStx may exploit
the uplink-downlink reciprocity to estimate the uplink channel and then use it in the downlink slot.
Also, to guarantee that objects in a given geographical area are illuminated with enough power, BStx
knows the required power of the transmit beampattern in the direction of the radio-sensing probing
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beams.
3.3.1 A. Transmitted Signal Model

We consider downlink transmission for an MU-MIMO system operating in the mmWave band. In
order to minimize power consumption, the BStx uses an HAD beamformer with Nig RF chains. It is
assumed that the data symbols used for communications are also used for radio-sensing purposes.
Consequently, the transmitted signal can be expressed as

x =W, Wys, 3(3-1)

where s = [sy,-,s¢]” € CX denotes the transmitted data stream, W, = [Wyq,-+, Wyk] €
CNrRFXK represents the digital precoder, for which W, i is the precoder vector intended for the kth
UE, and W € CNex*NRF is the analogue precoder. The transmitter model assumes that the entries of
s are independent with unitary power, E[ssf] = I. In addition, a fully connected HAD architecture

is considered, where each RF is connected to all antenna elements via phase shifters. As a result, each
-1

1
element of W, has a constant modulus (CM), given by ((NthRf)Z) . Furthermore, the available
power budget of the JCAS-BS is constrained by Pr as

[|WWg4||? < Pr. (3-2)

3.3.2 Communication Model

The signal received at the kth UE can be represented as

Vi = hIk{WaWd,kSk (3-3)

K
+hI]gWa Z Wd,iSi+nk,

i=1,ik

where the first term corresponds to the desired signal, the second term is the inter-user interference,
and n;, models the receiver noise, which is additive white Gaussian noise (AWGN) with zero mean and
variance . The vector h;, € CNtx represents the channel between the kth single-antenna UE and the
BS. The communication channel h;, € CVtx can be modelled as in [8], formally

1 <& (3-4)
h, = —z apay. (0p),
k \/ﬁh=1 h Ntx( h)

where H is the number of paths, a; stands as the complex gain of the hth path, and the vector
ay, (8y)represents the transmit array response vector in the direction of 6. The SINR of the kth UE
is given by,

2 ;
|hllgwawd,k| (3-5)

Zi¢k|hgwawd,i|2 + Gi.

SINR =

The rate of the kth UE can be obtained as
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Ry =log(1 + SINR}) (3-6)

3.3.3 Radio-Sensing Model

For radio-sensing purposes, the BS directs Q sensing probing beams toward ¢,Vq. Therefore, the
transmitted signal in the direction of the gth radio-sensing probing beam is given by,

K (3-7)
9q = qu{Wa z Wa kSk »
k=1

where g, € CNex represents the transmit array response vector in the direction ¢q- Hence, the
average power of the transmit beampattern in the direction ¢, can be represented by [9],

G(dbq) = 94 Rgq (3-8)

where R is the covariance matrix of the transmitted signal 3.
3.4 Hybrid Beamforming Algorithm

This section describes the proposed algorithm. The problem is formulated as the weighted sum-rate
maximization [10], subject to total power budget and radio-sensing constraints. The considered
optimisation problem is non-convex and difficult to solve [10], [11]. Hence, it is reformulated into a
more tractable form by using the equivalence between the maximization of the weighted sum-rate
and the WMMSE minimization optimisation problem [11]. However, in contrast to the scenario of [11],
for which a closed-form solution exists, the hybrid architecture and radio-sensing constraints
considered in our problem prevent the existence of such a closed-form solution. Therefore, we
develop a novel iterative alternate optimisation algorithm for designing the fully-connected hybrid
beamforming matrices.

3.4.1 Problem Formulation

The problem under consideration involves designing the hybrid beamforming matrices to maximize
the weighted sum-rate of the downlink communication system while satisfying the total power budget
and a transmit beampattern gain in the direction of the radio-sensing probing beams. Consequently,
the problem can be formulated as,

Ry, s.t. (3-9)
V{};%Zak kS

|WoWq |l < Pr,
G(dpg) =4, VqW,EA
where axis a weight that determines the priority assigned to the kth UE, A;represents the threshold
that determines the minimum required power of the transmit beampattern in the direction of the gth

radio-sensing probing beam. The set A describes the feasible set of analogue beamforming matrices
with CM.
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3.4.2 WMMSE-Based Equivalent Optimisation Problem

The optimisation problem (3-10) exhibits a non-convex structure. This is because of the non-convex
nature of both the objective function and the sets represented by the second and third constraints.
Using the equivalence between maximization of the weighted sum-rate and minimization of the
WMMSE [11], the problem (3-10) can be equivalently formulated as

min Z arwie, — log(wy), (3-10)

Wa,Wd,wk,uk

s.t.[WoWyll7 < Pr, G(dg) 2 44, Vg,
W, €A,

where w; and uy are the kth UE weight and equalizer, and ey is the mean squared error (MSE)
between the soft decision §, and the transmitted signal s;. The MSE follows from e =
E[(sk = 8x) (s — 81)"], formally

* 2 -
er = |1 —ukhﬁwawd_kl (3 11)

)l Wowg, |,

ik

where, the soft decision §;, follows from $, = Uy, and vy is the received signal at the kth UE, refer
to (3-3). The previous establishes that minimizing the WMMSE (3-11) is equivalent to maximizing the
weighted sum-rate (3-10). However, solving (3-11) is simpler due to its quadratic objective function.
To solve (3-11) an alternate optimisation method could be used, where wy, and u; have closed-form
optimal solutions. The optimal solution for uy is given by the MMSE receiver,

o 1 H
up = jithWowy, (3-12)

where jj, = Z{{:l|hfWaWd,i|2 + 02, is the variance of the received signal at the kth UE, while w,
optimal solution is wj = e,;l[ll]. However, due to the non-convex nature of the CM and radio-
sensing constraints, to our best knowledge, it is not possible to find a closed-form solution for the
hybrid beamforming matrices. Consequently, an iterative alternate algorithm has been developed to
obtain W, and W ;, under the assumption that the remaining variables remain fixed.

3.4.3 WMMSE-Based Equivalent Optimisation Problem

This section provides a comprehensive description of the proposed iterative alternate
algorithm for obtaining W and W ;. As mentioned earlier, the second and third constraints of (3-10)
define non-convex sets, making (3-11) a challenging problem to solve. To address the non-convexity
of the second constraint, it is replaced with a more restrictive and convex constraints. On the other
hand, the nonconvexity of third constraint is handled by resorting to several transformations (i.e.,
upper-bound function, projection, equivalent problems, etc.) that result in a version of (3-11) where
a solution for W, and W ; can be found.

Under the alternate minimization framework, W, and W ; be solved over (3-11), when w), = W, and
uy, = il are fixed. Thus, by substituting (3-12) into (3-11), we can reframe the optimisation problem
as follows,
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Jmin [[@1/2(1 - WH{W,W,)||" | (3-13)

2 1 H
s.t.|W,W,||%4 < Pr \/_EZ R(gIW,W,e;)
k

1/2

=Aq'

Vq, W, EA

where ® = diag(oywq, -, agwg ), ¥ = diag(uj,---,ug) and Hyg = [hy,--+, hg]. The objective
function in (3-13) is the same as in (3-10) but in matrix form, using (3-11). To handle constraint (3-9),
which is non-convey, it was replaced by (3-13). This new constraint is convex but it is more restrictive
since the set defined by this constraint is a subset of (3-9) [12].

The previous optimisation can be reformulated by defining the Lagrangian function
i 1/2 H 2 3-14
[nin [|®Y/2(1 - PH{W W) | | (3-14)

1
s.t.|W,W,||%4 < Pp \/_Ez R(gl WaWaey)
k

1/2

:Aq

vVq,W, €A
that includes the radio-sensing constraints. The reformulated problem is

. (3-15)
&E'de(Wa, Wuug), s.t. Wg €A
‘/{E’%L(wa, Wy, pg) st ||[@3(1 (3-16)
2
— PH{;W,W, )|, and W, € A4,
Where p, are the Lagrangian multipliers, which are selected such that (3-14) is satisfied, and G, =

1 . . . . . .
N 1ixk @ g4 is the radio-sensing steering vector in matrix form.

The structure of (3-15) makes (3-16) still a difficult problem. Hence, we define an upper-bound
function of (3-15). Therefore, the upper-bounded optimisation problem can be recast as

. ~ 112 3-17
min [WaWa = Woll. (3-17)
s.t. |wfwd||1%
<P —Z R W, W,e
T \/E a (gq a'¥Vd k)
1/2
=40/% VqW,eA
where
WO = Wa,Owd,O - (XVL(Wa,O, Wd,o, IJ.Z), (3'18)

1

W,o0and W, denote the previous iteration analogue and digital precoders. Also, @ = ————
) Amax(HL)
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denotes the inverse of the maximum eigenvalue of the Hessian matrix of (3-15), where H, = HI H ¢
Additionally, VL(Wa,O,Wd,O)represents the gradient of (3-15) when evaluated at (W, (W ;,) which
is given by

VL(WooWao kg) (3-19)
= HGEHUEWa,OWd,O

. 1
— Hi @1/ - Ez iy Gg-
q

where Hy; = Cbl/zlPHIJE represents an equivalent channel. Note that the upper-bound function is a
distance that measures how far the hybrid precoder is to a given precoder objective. The precoder
objective changes from iteration to iteration and can be thought of as the hybrid precoder obtained
when moving along the steepest descent direction of L.

The power constraint when paired with the CM constraint makes the solution of Error! Reference
source not found. still difficult. Therefore, the power constraint is included in the objective function
of (3-17), remaining only the CM constraint. Let W, W; be the optimal solution to (3-17), and define

—_—0 —0

W,, W, as the optimal solution to

i [[Wo W — Wol| -+ W, Wl (3-20)

s.t. W, € A.

then the optimal analogue solutions are identical in both problems, W, = W;, and the digital solution
of (3-19) is a projection of the solution of (3-20) into the set defined by the power constraint, W; =

P (Wa ZW;), with the projection operator defined as

P(Wy, Wy) (3-21)
Wy, W WyllE < Pr
VPr

IWaWallr

W, otherwise

The previous states that problems (3-20) and (3-21) are equivalent in the sense that optimisation
over W is identical in both problems, further details cand be found in [12]. Notice that W, solution
is easier to obtain using (3-21) than (3-17) since there is no power constraint. Therefore, the solutions
for W, and W, an be obtained by alternating over and projecting W using (3-21). The following
subsections detail how the solutions for W, and W ; are obtained.

1. Analogue beamforming design:

The analogue precoder W, is obtained by minimizing a simpler upper-bound surrogate function of
(3-20); details on the derivation can be found in [12]. Therefore, (3-20) can be revisited as

(3-22)

et (W = B91(W,0) W ) )

st. W, EA,

Page 33 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

where

Vi(Wyo) = (2Wa oWz — Wo)WH, (3-23)

and § = 1/)\maX(Hf(wa)) with Hew,) = zwd,owgo. From (Error! Reference source not found., the
optimal solution is given by

1 (3-24)
W, = ——1R (Wy0 — BVF(Way))-
V NuNrp
where R is a retraction over the complex circle manifold defined as,
w
R(W) = — (3-25)

lwl

where w is a complex scalar. For matrices, the retraction is applied to each entry. Note that in (Error!
Reference source not found. the analogue part is obtained by moving first along the steepest descent
direction of (3-20) objective, and then projecting the result along the CM constraint to make the
solution feasible.

2. Digital beamforming design:

The optimal Wy results from solving (3-21), but considering that W, is fixed to Wg,. Hence (3-21)
dcan be reformulated as

Jnin [|Wo W, — W[+ [IWe Wl (3-26)

The solution is given by

Then, the power constraint is satisfied through the projection as

W, = P(Wg 0, 2Wy). (3-27)

3.5 Key Results

This section validates the proposed algorithm, referred to as ItAIHAD. The ItAIHAD algorithm
is compared with the fully digital precoder, the two-stage alternating minimization algorithm
introduced in [8], referred to as TwoS-AltMin, and the method in [9] designated as CADMM. To ensure
fairness in the comparisons, the hybrid beamforming obtained through the TwoS-AltMin approach
involves approximating a fully digital precoder generated by the ItAIHAD algorithm, setting Ngs = Ni,.
On the other hand, the method in [9] resolves the hybrid beamforming through the CADMM
algorithm.

The following results consider that the BSwis equipped with an ULA holding N;, = 32 elements

spaced by %, and the signal-to-noise ratio (SNR) is set to 30 dB. The communication channel is

Page 34 of 78




6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

characterized by a mmWave geometric model. Here, 9, follows a uniform distribution ranging from
(—g,g], and a, follows a Gaussian distribution with a mean of zero and unit variance. Additionally

and unless otherwise specified, the number of scattering paths is set to 10. The power budget of the
hybrid beamforming is set to Pr = 1.

The convergence of the sum-rate is illustrated in Figure 10. The scenario under consideration involves
K =4 UEs and Q =1 radio-sensing probing beam directed towards 10°. Additionally, two
configurations are examined, namely, fully-connected HAD architectures with NRfE{4,8},
respectively. Figure 10 presents the convergence obtained over 1000 iterations. Nevertheless,
simulations indicate that the algorithm reached a stable value considerably earlier.

30 T

)
o2l
T

n
o

MAHAD - K =4, Ngp = 4
— =~ —MAIHAD - K =4, Ngp =8

Sum-rate (bits per channel use)
&

-
o
T

o] 200 400 600 800 1000

Iterations

Figure 10-The convergence of the weighted sum-rate obtained by the proposed ItAIHAD algorithm for fully-
connected HAD architectures with NRF € {4,8}, respectively.

It can be verified, from Figure 10, that the algorithm strictly improves performance with the number
of iterations. Namely, the algorithm converges with approximately 250 iterations for both
configurations (i.e., Ny € {4,8}). Also, it can be noticed that the configuration with Ngr =6
converges to a greater sum-rate, which is due to the two additional RF chains.

Figure 11 illustrates the transmitted beampattern for a scenario with K = 4 UEs (for ease of
exposition both the communication and radio-sensing channels are LoS), and Q = 2 radio-sensing
probing beams are considered. The UEs are positioned at angles —50°, —20°, 25", 45", while the radio-
sensing probing beams point at —10° and 10°. In Figure 11, we consider that the radio-sensing
constraint is the same for both radio-sensing beams, that is A = A,. The result in Figure 11 reveals a
trade-off between the power of the transmit beampattern in the direction of the radio-sensing probing
beams and the UEs. It is clear that as the radio-sensing constraints A; and A, values increase, the
power in the direction of the UEs decreases, which directly influences the sum-rate. Therefore, the
following result investigates this trade-off and compares it with the fully digital, TwoS-AltMin and
CADMM algorithms.
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Figure 11- The resulting transmit beampattern for a scenario with K = 4 UEs and Q = 2 radio-
sensing probing beams, obtained for a hybrid architecture with Ny, = 32 and Ngr = 4.

Figure 12 displays the trade-off between the mean sum-rate obtained for K = 4 UEs and the
constraint A; for Q = 1 radio-sensing probing beams. The mean sum-rate is obtained for values of A;
ranging from 0.1 to 0.9, in decibels from 5 to 14.6 dBi. Different HAD configurations are evaluated,
namely Npr € {4,6}. For ease of presentation, the comparison with the fully digital precoder, and
TwoS-AltMin algorithm is shown in Figure 12 (a), while the comparison with the CADMM algorithm is
displayed in Figure 12 (a). The parameter n in Figure 12 (b) weights the radar and communications
metrics. A higher n value indicates a better radar performance [9]. The results depicted in Figure 12
(a) demonstrate that the ItAIHAD algorithm outperforms the TwoS-AltMin algorithm for both HAD
configurations, Ngr € {4, 6}. These findings show the superior efficiency of the proposed algorithm.
Specifically, with only 4 RF chains, the ItAIHAD algorithm achieves better performance compared to
TwoS-AltMin with 6 RF chains. This occurs because the TwoS-AltMin algorithm fails to deliver an
accurate approximation of the fully digital precoder when Npr < 2K. In addition, we got the result for
a HAD configuration with Nz = 8, but for clarity, the curve was omitted in Figure 12 (a). For Ngs =
8, the ItAltMin and TwoS-AltMin algorithms exhibit a similar performance, closely approaching that of
the fully digital solution. In contrast, Figure 12 (b) illustrates that the CADMM algorithm achieves a
higher mean sum-rate than the ItAIHAD algorithm. However, as it will be further detailed, this is
because to the high probability that the constraint A; may not be fulfilled by the CADMM algorithm.
This occurs because the method in [9] does not consider A; as constraint but rather minimizes a
weighted communication/radio-sensing objective function. For comparison, we have set different
values to the weight 1, but the simulations have shown that meeting a specific radio-sensing constraint
is quite difficult. Besides, the ItAIHAD and CADMM methods present similar computational complexity,
but our algorithm always fulfill the set of constraints, in contrast to the CADMM.

Page 36 of 78




6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

30 4 - = & 5—8—&
& = =)

—&— ItAIHAD (Njgr = 4)
—8— CADMM - (Ngr =4, n=01)
- F - CADMM - (Ngr =4, n = 0.9)

Mean sum-rate (bits per channel use)
Mean sum-rate (bits per channel use)

2
A
A
AN
SN
\\
—g— Fully Digital
tob |—o—1amAD (e =) |
0 |- A - BAHAD (N = 6)
—p— TwoS-AltMin (Ngr = 4)

- 57 — TwoS-AltMin (Njgr = 6)

5 L L 5 L |
0.1 0.2 03 0.4 05 0.6 0.7 0.8 09 0.1 0.2 0.3 0.4 0.5 06 0.7 08 0.9
A Ay
(a) (b)

Figure 12-The trade-off between the mean sum-rate and the constraint A, obtained for a scenario
with K = 4 and Q = 1: (a) comparison with fully digital, and TwoS-AltMin algorithm for Ngy €
{4.,6}, (b) comparison with CADMM algorithm forNgs = 4 andn € {0.1,0.9}.

Figure 13 illustrates the cumulative distribution function (CDF) of the power of the transmit
beampattern in the direction of Q = 1 (i.e., G(¢), given by (3-7), for a radio-sensing constraint value
of A; = 0.3 and Ngy = 4. More specifically, Figure 13 displays the CDFs obtained for the proposed
[tAltHAD, TwoS-AltMin and CADMM algorithms.

As illustrated in Figure 13, the proposed ItAIHAD algorithm consistently fulfills the constraint A;.
This remains valid for any HAD arquitecture. In contrast, it can be seen that both the TwoS-AltMin and
CADMM algorithms do not satisfy the set constraint value A, which is more critical for the CADMM
algorithm. This means that the outage probability (probability of not satisfying the radio-sensing
requirements) of the TwoS-AltMin, and the CADMM algorithms are not zero, in contrast to the
proposed method. For this specific scenario, the outage probability of the TwoS-AltMin is around 2%,
while the CADMM reported 30%, which is high, and higher than the TwoS-AltMin. Also, the simulations
showed that the CADMM may even report an outage probability of 100% for specific scenarios. More
specifically, the outage probability is highly dependent on the 71 alue selected. The lower the n the
better the mean-sum rate performance but the outage probability degrades significantly, meaning
that the radar-requested performance target could not be fulfilled. Therefore, in the following we
constraint the comparison of the proposed ItAIltHAD algorithm with the TwoS-AltMin approach.
Denoting the outage probability of the radio-sensing constraint as P(G(¢1))) < A, tTable 1
summarizes the outage probability obtained for the TwoS-AltMin algorithm for different HAD
configurations and values of A; = 0.1,0.3,0.5.

The results in Table 1 showcase that the TwoS-AltMin algorithm cannot guarantee that the constraint
(3-10), considered in the design of the fully digital precoder, is preserved.
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Figure 13-The CDF of G(¢1)obtained for Ay = 0.3, Ngs =4, K = 4and Q = 1.

Table 1-The outage probability P (G (¢1)) < A, obtained for the TwoS-AltMin algorithm.

Al NRF =4 NRF =6 NRF =8
0.1 20% 15% 4.3%
0.3 2% 10% 4.9%

0.5 0 4.6% 4.6%

Figure 14 investigates the mean sum-rate for different HAD configurations (number of active RF
chains NRf). There are assessed two scenarios, where the scheduled UEs are set to k € {4,6}. For both

scenarios Q = 1 with A; = 0.3.
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Figure 14-The mean sum-rate with respect to Ny for the proposed ItAIHAD, and TwoS-AltMin algorithms.

Figure 14 demonstrates that the proposed ItAIHAD algorithm clearly outperforms the TwoS-AltMin
algorithm for scenarios where Ngy is less than or equal to twice number of UEs, i.e., Ngr < 2K.
Otherwise, both algorithm reports a similar performance in terms of mean sum-rate. The gap for K =
Npgy is around 10 bits per channel use between the two methods. The proposed method achieves a
performance close to the full-digital method with a much lower number of RF chains, leading to
improved energy efficiency.

The result in Figure 15 analyses the mean sum-rate of the proposed ItAIHAD and TwoS-AltMin
algorithms versus the SNR for K = 8,Q = 1 and Niy = 8. By observing Figure 15, it becomes evident
that the proposed algorithm achieves superior performance compared to the TwoS-AltMin algorithm
when the SNR exceeds 20 dB. However, in the low SNR range, both methods exhibit similar
performance. Additionally, it is worth noting that the ItAIHAD algorithm demonstrates a linear
relationship with the SNR, whereas the TwoS-AltMin algorithm appears to exhibit a saturation
behavior in the high SNR regime.
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Figure 15-The mean sum-rate versus the SNR values.

3.6 Future Work

Building on the current work, which focused on precoding design for JCAS transceivers, future work
will extend toward the design of joint communication and radar receivers. Specifically, we aim to
develop receiver architectures that simultaneously process communication signals and radar echoes.
A key challenge in this context is the separation of these signals in rich scattering environments, such
as indoor or dense urban scenarios, where interference and multipath effects are significant.
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4 Precoder and Receiver Design for Cellular Bistatic JCAS Systems

This Section provides a precoder and reciver design for the bistatic JCAS system. Below, we first
focus on the main objective of the problem.

4.1 Objectives

The main objective of this work is to design effective precoders and receivers for bistatic JCAS
systems in cellular networks. In this setup, a multi-antenna UE transmits both communication and
sensing signals, while a BS with multiple antennas serves as both a communication receiver and a
radar receiver. This approach avoids the self-interference challenges of monostatic systems and
leverages existing cellular synchronization mechanisms, but introduces new design trade-offs
between power allocation, signal separation, and performance requirements for both sensing and
communication.

The study aims to tackle these challenges by analyzing both the transmitter-side precoding
strategies and the receiver-side estimation techniques. It investigates performance bounds using the
CRB and develops practical estimators such as ML, MMSE, and MUSIC for AoA estimation. By
integrating these designs, the work provides a framework to efficiently balance sensing and
communication tasks in a shared hardware system.

This chapter provides critical solutions to achieve the performance targets defined for use cases in
the D2.1. Specifically, the bistatic JCAS approach addresses key challenges for Use Cases 1, 2, and 6 by
enabling simultaneous high-precision sensing and reliable communication. For instance, indoor AGV
localisation (Use Case 1) requires unambiguous range detection and ultra-low latency, which is
achieved through optimised precoding vectors. The derived CRB further quantifies the theoretical
limits for AoA estimation, ensuring the system meets the 1" azimuth accuracy requirement.

Moreover, the paper’'s MMSE receiver design and ML-based estimation techniques are directly
applicable to smart convoys (Use Case 2) and UAYV intrusion detection (Use Case 6), where dynamic
environments demand real-time updates. The power allocation trade-offs analyzed in this chapter also
align with the economic and environmental KVIs, such as reducing CO, emissions by improving the
implementation complexity. By adopting these advanced signal processing methods, the 6G-MUSICAL
use cases can leverage existing cellular networks for dual-purpose sensing and communication,
thereby optimising cost, energy efficiency, and scalability.

4.2 Main Activities

Bistatic JCAS systems are attractive, because they do not need to manage the harmful effects of
self-interference, which poses a fundamental challenge to monostatic systems. However, bistatic JCAS
systems face the problem of synchronizing the operation of the transmitter (Tx) and receiver (Rx)
nodes. Fortunately, when the bistatic JCAS operation is implemented by a cellular UE device as the Tx
node and a multi-antenna BS as the Rx node, time alignment and continuous synchronisation
mechanisms designed for maintaining bidirectional connectivity are already in place for
communication [13], [14]. We assume that the UE utilises multi-antenna transmission to transmit the
pilot/data symbols and simultaneously the sensing symbols, as proposed in, for example, [19]. Some part of the
energy of the pilot and data signals serve as illuminators of opportunity and get reflected by the source, while
the BS acts as both a passive radar receiver and a communication receiver. For transmission, the multi-antenna
UE may utilise multibeam or multilobe as proposed in e.g. [20], [21].

Several previous papers have pointed out that JCAS systems need to manage the inherent random-
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deterministic trade-off due to the fact that random signals are suitable for communication, while
deterministic signals are advantageous for sensing [15]. On the other hand, some recent works have
suggested that exploiting the spatial domain to separate sensing and communication signals may help
to address this tradeoff and thereby to meet performance targets even when both the Tx and Rx
entities in a bistatic JCAS scenario are integrated, as in Figure 16 [16], [17].

Yp:Ya € C¥

. . Multibeam/lobe
pilot signal trangpmission

) —=
‘\;_}
( I I ) data signal :}"- T (D

base station

sensing user equipment

signals

O

object (source)

Figure 16- A simple bistatic JCAS system consisting of a multi-antenna user equipment (UE) that transmits a
pilot and a unitary constant envelope data signal in two subsequent time instances, a passive object
(referred to as the source of the sensing signal, see [18, Chapter~12 ] and a multiantenna base station
equipped with N, receive antennas.

Designing JCAS transmitters and receivers for bistatic JCAS operation need to handle the inherent
tradeoffs at the Tx side, such as the total available transmit power and the degree of freedom enabled
by the number of Tx antennas. At the Rx side, the JCAS Rx unit has the task of suppressing the
interference caused by the sensing signal to the communication signal and the interference caused by
the communication signal to the sensing signal [17]. Interestingly, while the Tx-side tradeoff is well
analyzed in the literature, the Rx-side impact of integrating sensing and communication has been
seldom studied.

Specifically, when the signals of UE devices are used for sensing purposes (as illustrated in Figure 16),
there is a trade-off not only between allocating transmit power to pilot and data symbols — which has
been studied for long, albeit not in JCAS systems [22], [23] — but also between the energy dedicated
for CSI acquisition, and maintaining appropriate levels of SNR for both communications and sensing
[24], [25].

4.3 System Model of a Cellular Bistatic JCAS System for Precoder and Receiver
Design

Table 2- System Parameters

Notation Meaning
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Ny

Number of receive antennas at BS

By, Py, Ps;  Pror =
max(Pp,Pd) + P

Transmit power of pilot, data and sensing signals respectively, and their total sum.

P

Number of objects (targets).

pecCt

Sensing signals from the P objects (referred to as sources in [18, Chapter~12].

0, € [-m/2,m/2]

Angle of arrival of objectp,p =1...P

De CPXP

Diagonal sensing matrix.

A

a6) 2
[___eHanfsm(Qp).__]T €

CNr

spacing per wavelength ratio.

Steering vector associated with 6, j = 0... N, — 1, where £ denotes the antenna

0= [91, ey QP]T

Vector of AoA-s from the P objects.

A(6) =

[a(6y1) ...a(6p)] €
C'NrXP

Steering matrix [18].

*

S;S

Transmitted uplink pilot symbol and its complex conjugate.

x=¢e% |x|=1;, ¢ €
[—m, +m]

Transmitted unitary normalized uplink data symbol.

H € cNrxNe, where
vec(H) ~

CN (0, Cov(vec(H)))

antennas and the BS equipped with N,. receive antennas.

Communication channel matrix between the UE equipped with N; transmit

w e CM Transmit precoder at the UE.

h 2 Hw € C¥r;  h ~|Complex (effective) channel between UE-BS.

CN(0,C)

a Path loss between the UE and the BS.

o Aggregate path loss between Error! Reference source not found. the UE and the

object and Error! Reference source not found. the object and the BS, including the
(complex) radar cross section (RCS) of the object.

n, ng € C"r

Additive white Gaussian noise (AWGN) at the receiver when receiving the pilot and
data signals.

C € CNr*Nr Stationary covariance matrix of the effective (block-fading) communication
channel.
Yo:¥Ya € cNr Received uplink pilot and data signals at the BS.
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0.2

Variance of the AWGN.

Q€ CPXP

Covariance matrix of the P-dimensional sensing signal in the stochastic model.

1($,6); 1(¢, 0)

Fisher information matrix in the deterministic/stochastic model.

Z(u,v,p,0);
Z(u,v,¢,0)

Loglikelihood function in the deterministic/stochastic model.

For precoder and receiver design, we consider a fully integrated JCAS scenario, in which both the Tx
node and the Rx node integrate sensing and communication capabilities, as in Figure 16. This scenario
is challenging, since it imposes requirements on both the sensing and communication signal
transmission and reception. Specifically, we consider a SU-MIMO bistatic JCAS system, in which the
UE device transmits both sensing and communication (i.e. pilot or data) signals [19], [20], and [26],
see Figure 16. In general, there are P objects that reflect the sensing signals.

For the JCAS precoder and receiver design, we assume unitary constant envelope signaling, that is
the communication symbol x is uniformly distributed over the complex unit circle, x = ei®, where )
is a random variable with support [—m, +m]. Furthermore, we will denote the transmitted sensing
symbol by 1, where both x and n are scalars.

As proposed by e.g., [20] and [27], the transmitter node can use proper precoding to spatially
separate the communication and sensing symbols and avoid or minimize the effect that the
communication signal has on the sensing process. The combined transmitted symbol then becomes
(see e.g. [27] for a combined transmitted symbol model):

wx + wgn € CNe, (4-1)

where w and w; denote the CMt precoding vectors for the communication and sensing symbols
respectively, and the scalars x and n denote the transmitted communication symbol and sensing
symbol respectively and N; denotes the number of transmit antennas.

The received pilot and data signals at the BS then become:

Yp = A(0) E H (ws™ + wgn) (4-2)
N,.XP PXP Px1
+ a\/FTp H(ws™ + wgn) +n,,
Nyx1
€ CNr,and y,
= A(O)DH;(wx + wgn)
+ a\/P_dH(wx +wn) +ng
€ CMr,

respectively, where the diagonal sensing matrix, which collects the sensing path loss ag; (which
includes the radar cross section of the object), and the sensing power P for each object, is defined as:
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as'l\/Fs 0 (4_3)
: ol € RP*P,
0 aslp\/Fs

A(0) € CN*P s the steering matrix, and s is the uplink pilot symbol (see also Table 2Table 2- System
Parameters). Furthermore, H, is the P X N, transmitter-objects channel matrix, whose pt"* row
contains the N, dimensional channel between the transmitter and the pt" object and H is the N,. X N,
dimensional communication channel matrix between the transmitter (UE) and the BS, and a, P, and
P4 denote the communication path loss, pilot and data transmit powers respectively.

D=2

In this report, similarly to [20] and [27], we assume that N; > P, that is the number of transmit
antennas must be greater than the number of objects that we intend to sense and that the transmitter
has perfect CSI so that it can apply proper precoding such that w is in the null-space of H; (meaning
that the transmitter zero-forces the communication symbol away from the objects):

H,w = 0,and Hw, ~ 0. (4-4)

Indeed, when such transmit precoding is employed, substituting (Error! Reference source not
found. into Error! Reference source not found., we have:

(4-5)
y, = A(6)D (Htwsn> + a/Py <Ev_gs*> +n,
ép 2h
€ CMr,
Ya = A(@)D(H,wqn) + a\/Py(Hwx) +
ng € CNT,

where p 2 H,w,n € CF is the sensing signal, and h £ Hw € C" is the effective communication
channel. The parameters characterizing this system are summarized in Table 2. As discussed in [18],
given the above definition of the sensing signal p, the sensing signal can be advantageously modelled
as a zero-mean complex normal random variable if H; contains complex normal distributed elements.
However, p can also be modeled as a deterministic signal under the assumption that a good estimate
of H; is available at the receiver.

Note that this signal model is an extension of the radar signal models used in [18], [26], [27], and
[28] by explicitly distinguishing the received pilot and data signals (y, and y4). We will assume that
the UE is equipped with multiple transmit antennas that enable it to divide its total transmit power
between the communication (i.e. pilot and data) signals and the sensing signal, such that their sum
Pror = max(P,, P;) + P; remains under a power budget dictated by physical limitations and
regulatory constraints on the uplink of cellular systems.

4.4 Benchmark for Precoder and Receiver Design: Establishing Cramér-Rao Bounds

for Sensing and Communications

To proceed, notice that in a SU-MIMO system, the pilot symbol can be set, without loss of generality,
to s = 1. Also, recall that the transmitted symbol is of the form of x = ei® 1t will be convenient to
rewrite Error! Reference source not found. as:

y, = A(6)Dp + a,/B,h +n,, (4-6)

Page 45 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

ya = A(0)Dp + /P hel® + n,,. (4-7)

Recalling the system model and Table 1 in the previous section, notice that in these expressions y,,,
y4 are observed random variables, h, n,, ng are non-observed random variables, a, \/P_, \/P_, D, p,
C and o2 are known parameters, and A(-) is a known function. In practice, the serving BS maintains
an estimate of the large scale parameters (path loss) and channel covariance matrices for mobility
(handover), and QoS management[29], [30], [31], link failure prediction [32] and power control [33]
purposes based on measurement reports on reference signals (RSRP) delivered by the UE. Based on
such measurement reports, the BS continuously can maintain an estimate of the channel covariance
matrix with sophisticated techniques [34], [35], [36], [37], [38], and [39]. Furthermore, in practice, the
BS continuously estimates the thermal noise variance as well as the total received interference power,
which are often expressed in the form of reference signal received quality (RSRQ), based on UE
measurement reports and measurements at the BS [40], and [41].

We intend to estimate {¢, 8} based on y,, y,4. In the deterministic model [18, Chapter~12], for a
given value of {¢, 8}, y,, and y4 are complex normally distributed random vectors with expected value:

uo) = £[(2)106.0)] = (Goop) i

where A(8)Dp = YF_, a(Hi)aS,i\/Epi. Using the above notation, we can first state a theorem, that
will be useful for proving a proposition regarding the FIM in the deterministic model.

Let the scalar-matrix function W(¢) be defined as follows:
Y() (4-9)

(@’Z) - ”(")) (@Z) - u(m)H 103 0}]

<a2PpC+021NT a? PdeCe‘ﬁ¢>
a%[B,PyCe'®  a?P,C+ 0%y )

2 F

That is,

() ~ en o), w(ey. (4-10)

Theorem 1 For ¥~1(¢), the following holds:

F,(C) F, (C)e‘ﬁ“’) (4-11)

-1 —_
= <sz (©e'  Fy(©)

where
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i) o? + a’Pyu (4-12)
u) = ]
! 02(02 + a?(Py + Pyu)

—a® [P,Pyu

pid
Fo(u) = ,
2(u) 02(02 + a?(P, + Py)u)

02 + a’Pyu

Falu) =

02(0? + a?(P, + PHu)

and the matrix function F(C) of Hermitian matrix C is defined based on the spectral decomposition
of C. If C = UAU" is the spectral decomposition of C, where A = diag(4;) then F(C) = UF(A)U¥ =
Udiag(F (1;))U¥. The proof of Theorem 1 is in Appendix 8.

While Theorem 1 applies generally to any covariance matrix C, a case of interest is when C is diagonal
or proportional to the identity matrix. Lemma 1 below states when these special cases occur.

Lemma 1 If H follows a complex multivariate normal distribution such that the covariance of the
i’th and j’th rows of H is

E[(H;)"H;,] = ¢ € cVexM, (4-13)
then C is diagonal if the structure of Cg'j) is as follows:
¢ = 0 for i # jC = diag(%y), (4-14)
where the 1;-s were introduced in Theorem 1. Additionally, if Cg’j) has the following structure:

) _ o11 ifi # j (4-15)
H C;’) otherwise

then C = cl_is proportional to the identity matrix with ¢ = wHCS’l)w.

Proof. Note that the (i, ) element of C, denoted by C;;, is obtained as:

ijr
Cij = E[(h);(h)}] = E[(Hw);(Hw)]] (4-16)
= w/E[(H;,)"H. ]w

= whcUDy
H )

from which both parts of the Lemma follow.

Now we are in the position of stating the following proposition about the FIM when using the
deterministic model.

Fori,j =1, ..., P, the elements of the FIM are defined as
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I(¢, 9)1,12 (4-17)

0
=-—-F a#¢)210gfyp,yd (u' V); I(¢! 0)1,l'+1
=1(¢, 921)i+1,1

vy 536, logfy, ya (W V), 1(¢, 0)i41,j4+1
2

9]
= £ 35,38, v

2

where —— = —_
eeaeiaej 267

fori =j.

Proposition 1 The elements of the FIM are as follows:

1(¢,0),1 (4-18)
62

=tr (aT)Z‘l"l(@)‘l’@) J($,0)1,i411(4,0) 1111

=0,1(¢, 9)i+1,j+1

— 2Re [(a%u(e))

H

0
() <a—9j M(@)] (@, 0)1,i44

where %u(@) is defined in (4-34) in appendix. Calculating the FIM, and hence the CRB has time
i
complexity O(N24).

The proof of Proposition 1 is in Appendix 9. Note that since Proposition 1 derives the classical CRB,
¢ is assumed to be a deterministic unknown parameter. Hence, the CRB holds for any signaling where
the data symbol lies on the unit circle, such as the PSK signaling. The following corollaries will be useful
to obtain numerical results without extensive simulation experiments.

Corollary 1 Consider the example of P = 1 (i.e. the receiver estimates the AoA from a single object),
N, = 2 and C = cl. In this simple example, — using the notation a; = ag, — the diagonal elements of
the FIM become:

b 0., = 4c?P,Pya* (4-19)
(@ 01)11 = c(P, + Py)a’c? + o*
and

1($,61)22 (4-20)

82 e2PaZcos?(0,)(c(P, + Py)a* + 202 — 2¢,/P,Pya’cos(¢))
h c(P, + Py)a?c? + ot '

where £ denotes the antenna spacing per wavelength ratio (see Table 2).
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Itisinteresting to note that the I(¢b, 6;),1 element is not a function of either 8, or ¢, while I(¢, 81) -
is a function of both. In particular, as intuitively expected, I(¢, 6;),, becomes zero when the AoA of

the single object, 8,, becomes % On the other hand, from the point of view of estimating 6, I(¢, 61),2
is maximal in ¢, when ¢ = m and cos(¢) = —1. In contrast, the Fisher information is minimal, when
¢ =0 and cos(¢p) = 1. The terms a\/P_ph and a.,/P;he'® appear as noise in (4-6) and (4-7)
respectively when estimating 8;. Hence, it is intuitive that the Fisher information with respect to 8,
is maximal when the pilot and data signals in (4-6) and (4-7) have a perfect negative correlation .

As (Error! Reference source not found. suggests, I(¢, 8;),, may benefit from a priori available
information on the AoA. This is illustrated by the following example.

Corollary 2 Consider the example defined in Corollary 1, assume that B, = P;, and that the AoA
estimator at the BS has the a priori information that 6, is uniformly distributed in the interval [— %,g],
and ¢ is uniformly distributed over [—m, t]. Then, the I,, element of the a posteriori FIM is

L - 8¢2m(m + 2)P,a?(cPia® + 0?) (4-21)
22 = 2cPia%0? + a*

’

where we used the notation P, = B, = P; .

(Error! Reference source not found. is obtained from (4-19) as

I Loz 1($,6,),,d6,d (4-22)
2=5g), ) 100000

==

When the total power budget is not fully utilised (P; < Prot — P;) in (4-20) then increasing P, and
keeping P; fix, increases I,,.

When the total power budget is utilised, i.e. P, = Prgr — P;, the derivative of (4-20) with respect
to P, is negative for 0 < P; < Ppgrt Which indicates that I,, is maximized at P; = 0 (i.e. the total
power is devoted to sensing), which is align with intuition.

4.5 Determining the JCAS-Aware Maximum Likelihood Receiver

In this section we are interested in formulating the MLE. The logarithm of the respective likelihood
functions. To compute the maximum likelihood estimator, we need to find the proper solution of the

iZ(u,v,d),e) =0, for i =1,..,P, where (see (Error!

. ) _
set of equations %Z(u,v, $,0) =0, 26,

Reference source not found.):

Z(u,v,,0) = ((3) _ u(e))H w-1(¢) ( () _”(9)) (4-23)

is the ¢ and 8;-dependent term of the loglikelihood function. For the derivative with respect to ¢ we
have:

iZ(u, v,$,0) = 2 Re[(v — A()Dp)*F,(C)e!@+™/2 (u (4-24)

a¢p
— A(6)Dp)],
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where F,(C) is defined in Theorem 1. For the derivative with respect to 8;, utilizing that ¥~1 is
Hermitian and does not depend on 8;, we have:

d (4-25)
3. 2@ v.9,0)

H
— 2Re (—a%u(e)) wi@)((y) - 1®)|

Due to (4-23) and (4-24) the derivative of the loglikelihood functions with respect to ¢ and 6; is a
non-linear function of ¢ and ;. Therefore, an unbiased estimator that attains the CRB for ¢ or 6;
cannot be found [42, Chapter 3.4].

As the likelihood is a non-linear function of ¢ and 8, it may exhibit several local extreme values.
Figure 17 plots Z(u, v, ¢, @) from (20) (the likelihood function apart from a constant) as a function of
01 and ¢ for a simple example with P = 1 and N, = 2.

This motivates the use of the maximum likelihood estimators derived in this section and the MMSE
estimators derived in the sequel.

Figure 17- An example of the likelihood function as a function of ¢ and 6, in the deterministic case, which
illustrates why it is difficult to find its global maximum.

4.6 Determining the JCAS-Aware MMSEMMSE Receiver

Recall that the MMSE channel estimator — which we will denote as H;g4. to emphasize that the
channel estimator takes into account the effect of the sensing signal — aims to minimize the MSE
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between the estimate h = H;s4cyp and the channel h, where [43]:

Hisac = argmHinE{HHyp —h||%}. (4-26)

For H;s4c and the associated channel estimate h, we can state the following.

Proposition 2 In the deterministic model, the MMSE channel estimator and the associated
MMSE channel estimate are expressed as vec(Hs,c) = T~ b, where

T1=M1QI, (4-27)

b = a,/P,vec(C). (4-28)

Furthermore, the estimated channel when using the MMSE receiver is expressed as:

hysac = a\/FpC(M_l)TYp; (4-29)

where M £ ¢2ly_+ a?P,C + A(6)Dpp”D? A" (8). The proof of Proposition 2 is in Appendix 10.

Gisac = ay[Pq hilyc - (@?Py(hysachfsyc + Q) (4-30)
+ A(6)Dpp" DA (6) + 021y )Y,

where the Q regularization matrix is the covariance matrix of the conditional distribution of h [43],
[44]:

(h|h) ~ cv(h, Q). (4-31)

Note that as it was proven in [43], regularizing the MMSE receiver with the D and Q matrices as
shown in (Error! Reference source not found. minimizes the expectation of the squared symbol error
in the presence of channel estimation errors. Thus, the intuition behind the JCAS-aware receiver in
(Error! Reference source not found. is that since the sensing signal appears as noise at the
communication receiver, the regularization must include the sensing signal accordingly.

4.7 Numerical Results

In this section, Cases 1-2 refer to the case when the signal is a predetermined fixed (deterministic)
signal, in which the source signal is predefined and known by the receiver, while in Cases 3-4 the
sensing waveform is a zero-mean Gaussian stochastic signal. Cases 1 and 3 concern the case without
a priori information about the AoA, while in Cases 2 and 4 some a priori information about the AoA is
available at the JCAS receiver, in which cases we are interested in establishing the BCRB.

Table 3- Setting of the System Parameters

Page 51 of 78



6G-MUSICAL Horizon No. 101139176 Deliverable D3.1

Parameter Value

N, 4

C=cly, withc=1 Covariance matrix of the effective channel
h = Hw.

B, Py, Py Total power budget P, + P; =250 mW;
P; + P, = 250 mWw.

P 1 (single object)

pect p=1 and p~CN(0,Q), where Q=1
(scalar).

0, Angle of arrival of objectp,p =1...P

S s=1

x x = e'?, where ¢ € [-m, 7]

a, ag 60 dB ("low path loss, (PL)") or 80 dB ("high

path loss, (PL)")

To gain some basic insights into the operation of the proposed JCAS precoders and receivers, we
consider the uplink of a SU-MIMO JCAS system that consists of a single UE, a serving BS equipped with
N, = 4 receive antennas and a single passive object (i.e. P = 1). The UE transmits a pilot symbol s
and subsequently a data symbol x = ei® over the effective communication channel h, which yields
the received pilot and data signals as described by (4-6) and (4-7). Recall that in this example we
assume that there is a single slot used for transmitting the pilot symbol and a single subsequent slot
for transmitting the data symbol according to the snapshot model assumption (discussed in [18]).
Note that all angles are measured in radian, and the units are indicated in the figures, except for the
unit-less quantities such as radian or probability.

In line with the assumption on dividing the total available power Pror discussed in Section 2, the
total power budget of the UE is divided between the communication power (B, in the pilot slot and
P; in the data slot) and the sensing power P, where we set the total power budget to 250 mW . The
main parameters of this system are summarized in Table 3. C = cIy_means that the rows of H are
assumed to be independent with identical covariance matrices. It is important to note that the CRB
results presented in this section are obtained using the closed form expressions in Proposition 1. For
convenience, the figures in this section show the 10-base logarithm of the CRB and variances.
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Figure 18- Comparing the CRBs for ¢ and 8, in the deterministic (Case 1) and stochastic (Case 3) models.

Figure 18 shows the CRB as a function of P; £ B, = Py when using the deterministic and stochastic
sensing signal models. As P; increases, the sensing power decreases, which explains why the CRB for
0, increases, while the CRB for ¢ decreases. These opposing trends are due to the intrinsic trade-off
in the power domain between sensing and communications. Also, as expected, both CRB are lower
when using the deterministic model due to the fact that when the sensing signal is stochastic, it
increases the variance of the received pilot and data signals. As p_1, that is the transmit power level
used for both pilot and data symbols increases, the CRB for ¢ decreases, while the CRB for 6 _1
increases. Notice that the CRBs in the deterministic model are somewhat lower due to the fact that
the applied sensing signal is deterministic.
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Figure 19-Comparing the variances of¢3 and 91 in the deterministic (Case 1) and stochastic (Case 3) models
and relating them to the CRB (obtained with the deterministic model).

Figure 19 shows the variance of ¢ and 8, as a function of P; £ B, = Py in the deterministic and
stochastic models, that is for the cases when the sensing signal p is deterministic and when it is a
random signal drawn from a Gaussian distribution according to the parameter setting in Table 3. For
comparison, this figure also plots the respective (deterministic) CRBs. The variances are obtained by
Monte Carlo simulations using the ML estimation method to obtain the ¢ and 8, estimates based on
the received signal y;,, and y,. Notice that when maximizing the loglikelihood function in @ and 8, the
receiver (i.e. the serving BS) does not need to estimate h and in this sense the ML is blind. The figure
shows the empirically obtained variances for both ¢ and 8" _1 (as indicated with the dashed ellipsoids)
when using maximum likelihood estimation as well as the respective CRBs. Note that the variances
obtained in the deterministic sensing model (p=1) are lower for all P_1 (communication power) values
than when using the stochastic (Gaussian) sensing model.
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Figure 20-CRB trade-off in the deterministic model (Case 1) when the path loss between the UE and the BS is
high (80 dB) and low (60 dB), denoted as “High PL” and “Low PL”, respectively. Both estimates are sensitive
to both the power setting (i.e. the value of P;) and the path loss.

Figure 20 focuses on Case 1 (deterministic model without a priori information on the parameters)
and shows the CRB for ¢ and 8, as a function of the communication power P; for the high and low
path loss (¢ = 80 dB and a = 60 dB, respectively). Similarly to the trends observed in Figure 18, the
CRB for ¢ decreases, while the CRB for 8, increases. Low path loss between the UE and the serving BS
facilitates higher quality estimates characterized by much lower CRB for both symbol and AoA
estimation due to the higher SNR from the perspectives of both communication and sensing.

4.8 Future Works

Our future work will build on the model and insights into how ISAC-aware receiver design and
porper power allocation can facilitate meeting bith sensing and communication performance targes
in bistatic celular ISAC systems.includes extending We plan to focus on designing ISAC precoders at
multi-antenna ISAC transmitters, which were not fully addressed in the present chapterthese models
to case.s, Specifically, we plan to design communication and sensing precoders that sptaially separate
the communication and sensing signals utilizing the high degree of freedom due to multiple antennas
at contemporary user equipment devices and cellular base stations.in which the wireless channels
undergo channel aging.
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4.9 Appendices

4.9.1  Proof of Theorem 1

Proof. According to (9)

W(g) = <K1(C) K (C)e‘ﬁ‘l’)’

(4-30)
K, (C)eﬁ¢ K. (C)

where K;(C) 2 a?P,C + d?Iy , K,(C) £ a?,/P,P,C and K4(C) £ a?P;C + o2Iy . We note that C,
K;(C), K,(C) and K4 (C) are Hermitian and commute.

For the inverse of W(¢), utilizing that e'®e~® = 1, we have:

lp—l(¢) A <R1(C) RIZ-I(C)e_M)),

(4-31)
I/Zz (C)eﬁ¢ R4(C)

where

K, (O)

(4-32)
2 (K (0) — KE (OK;(OK, (€)™, K, (O)
(K4 (©) — K, (OKTH (OKZ(C) ™, K, (O
2 —K; ' (OKE (OK,(O).

> >

Utilizing the commutativity of the matrices, we have

K1 (0) 2 (K, (©) - K¥ (OK;'(OK,(0) ! (4-33)
= (a’P,C + oIy,
— a*P,PyC*(a?PyC
+0%Iy )™

That is, K; is such that

- 1
Ki(w) =

aszu +02—

(4-34)
a*P,Pyu?

a?Pyu+ o2

%+ a’Pyu

ot t a’0?(P, + Pyu

The rest of the proof comes similarly from K, (C) and K, (C).

4.9.2 Proof of Proposition 1

Using ei®e~i® = 1, for the determinant of ¥(¢) we have:
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det®(¢) = detK; (C) X det(K,(C) — (4-37)
K, (OK7'(OK3 (C))

That is, det¥(¢) is independent of ¢. For %‘P_l((p), utilizing Theorem 1, we have:

9 (4-38)
lp—l
35 ¥ @
R 0 f(g (c)e—ﬁ(¢+n/2)
R,(C)ei@+m/2 g -
The derivative of a;(@) with respect to 6 is
— 9. — _ ,i2mjfsin(6)
a;(0) 50 e -
= i2mjfcos(6)ei2mi¢sin(®)
forj € {0, ...,N, — 1} and
6 (4-40)
A(e)Dp
20, u( ) =
\—A(O)Dp /
_ <a’(9i)as,i\/Fspi>
a'(0)asi/Psp;
where a'(6;) 2 [... 12mjLcos(0;)el?mitsn®d ]T. The joint probability density function of (¥p>Ya)
18
1 (4-41)
Tyoya V) = oW Gerw ()

({6
- u®) i) (%)

- u(e>)> .

Noting that det¥(¢) is neither a function of ¢ nor 8 (see (4-37) above), we define d £ detW(¢), and
for the logarithm of the density function we write

logfy,y, (W v) = —log(n*""d) (4-42)
©
-u®) v @ ((y)

— (@) ).
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To determine the elements of the FIM, we need the second order partial derivatives of the logarithm
of the density function with respect to 8; and ¢.

For the first-order derivative, we have:

dlogfy, ya (W, V) (4-43)
0,

H
0
= <@u(e)> v @) ((y) - 1®)
(%) - n®) wi@) (—u(9)>
The second-order derivatives can be written as:

0%logfy, y,(u,v) (4-44)

02
--(()
-1®) 5w @ ()
- M(B)),

azlogf}’p(t),y(i(t) (u, V) _ (4'45)
9¢36;

H
=<%u(9)> 5@ ((3)-n@)
+ ((3) —M(H)) a(zp vi(9) <—u( ))

H
~ 2R (a%u(e)) 2w @) ((})

-u®)|

And
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azlogfyp(t),yd(t) (u, V) (4-46)
36,00,

H
= 2Re (azzgj u(0)> v @) () r®)

9 ENE
~2ke|| gu® | ¥ @) (G50 )|

Next, to get the FIM, we substitute (y,,yq) into (u, v), and take the expected value. Notice that since

Yo\ _ _ (4-47)
any term that is a linear function of this expression has an expected value of 0. Finally, noticing that

E[z"Az] = E[tr(zF Az)] = E[tr(Azz")] (4-48)
= tr(ACov(z)),

for any zero mean random vector z and non-random matrix A, and substituting

2= ((“j) - y(e)), (4-49)
and
A aasz w-1(4) (4-50)

Into (Error! Reference source not found., the first part of the proposition follows. Regarding the
time complexity of calculating the FIM, note that the the operations in the calculation are:

* Inversion of a matrix of dimension 2N,- X 2N,.;

* Multiplication of two matrices of dimensions 2N, X 2N,.;

* Partial derivation of a matrix of dimension 2N, X 2N,.;

» Multiplication of a matrix of dimensions 2N, X 2N,. and a vector of dimension 2N,..

The highest time complexity steps are the matrix multiplication and inversion steps, for which
many O(N,2*) algorithms exist, e.g. [45].

4.10 Proof of Proposition 2

Proof. We first derive the MMSE channel estimator Hg4¢. Using that Hy,, = vec(Hy,) = (yg ®
Dvec(H), for E{||Hy, — h||#} we have:
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E{||Hy, —h]||#}
= E{vec()" (y5 ® D" (y;
® Dvec(H)} + E{hfh}
— E{vec(H)" (y; @ D" h}
— E{h" (y; @ Dvec(H)}},

(4-51)

which is a quadratic optimisation problem for z = vec(H), that is of the form zTz — z#b — b¥z +
constant, where the optimal solution is Z,p; = vec(H;sac). The solution of the quadratic optimisation

problem is Zype = T'b, where:

T = E{(y; ® D (y}; ® )}
= E{y;¥p}
®1(0?ly, + a?B,C
+ A(e)DppHDHAH(e)) 1
- M®1b = E{(y] ® )"h}
= E{y, ® h} = a\/vaec(C),

and
T1=M1Q®I
The next step is to compute h;g 4.

T = E{(y; ® D"(y; ® D}
= E{y;¥5} ® Thyssc = Hisacyp
= (yp ® Dvec(Hjsac)
= a,/P,(yp @ D(M™*
& Dvec(C)
= a,/P,(ypM~! @ Dvec(C)
= a,/B,C(M~ )Ty,

which is identical with (4-30).
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5 JCAS Receiver Design: Joint DoA and Data Estimation in the
Presence of Incomplete Signal Observations

This Section proposes an off-the-grid estimator for the JCAS systems. Below, we first start with
explaining the main objectives.

5.1 Main Objectives

Traditional radar and communication systems treat sensing and communication tasks separately—
resulting in inefficient use of resources and heavy reliance on pilot signals that lower spectral
efficiency. To address this, the JCAS systems aim to perform radar and communication tasks
simultaneously. In this report, we introduce a joint estimation framework that can simultaneously
estimate the DoA of K transmitters and their transmitted symbols without needing any prior
knowledge or pilot signals, align with T3.2 of the 6G-MUSICAL project. This is achieved through atomic
norm minimization (ANM), which mitigates grid mismatch errors and operates efficiently in a pilot-
free environment. The framework is particularly robust in cases where observations are incomplete,
such as in hybrid beamforming or sub-Nyquist sampling settings. Classical methods fail in such cases,
so we reformulate the problem using random sub-sampling and solve it through convex optimisation
using semidefinite relaxation (SDR), enabling practical applications like antenna selection and low-
complexity receiver design.

In addition, our framework tackles the limitations of grid-based compressed sensing techniques like
CS-MUSIC, which struggle with discretization errors due to the assumption that DoAs lie on a
predefined grid. Since real-world DoAs are continuous, we use ANM in the continuous domain for off-
the-grid estimation, offering higher resolution and eliminating the need to know the number of
transmitters in advance. Recognizing that joint estimation is computationally intractable for large
antenna arrays, we develop two tailored algorithms to enhance efficiency: an SDR-based method
suitable for moderate-sized problems, and an ADMM-based algorithm for large-scale systems, which
runs approximately 50% faster than the SDR approach. These innovations ensure our JCAS receiver is
not only accurate and resource-efficient but also scalable and practical for real-world deployment,
suitable for T3.2 of the 6G-MUSICAL project.

The proposed joint off-the-grid estimator for JCAS systems, developed in this section, align with a
wide range of 6G-MUSICAL use cases presented in Deliverable D2.1. Specifically, the proposed
estimator is able to jointly recover the DoAs and transmitted data from incomplete signal
observations, making it suitable for Use Cases 1 to 6. In Use Case 1 (Indoor localisation of AGVs) and
Use Case 2 (Smart convoys), the high spatial resolution and real-time processing of our method enable
accurate tracking in dynamic environments. The proposed estimator works fully blind, which does not
require pilot signals or prior knowledge of the number of sources, directly supports Use Case 3
(Intruder detection in secure areas) and Use Case 5 (UAV intrusion detection), where detecting
unknown and potentially non-cooperative objects is highly important.

In Use Case 4 (Road fault identification) and Use Case 6 (Intrusion on railways), the sparsity-based
JCAS estimator allows to detect objects in large-scale infrastructure settings with reduced sensing
hardware. Furthermore, the low computational complexity offered by our ADMM-based solver
ensures that the estimator can be deployed in real-time scenarios, supporting the latency and update
rate requirements in the KPI/KVI tables. Overall, our estimator can be used in at least six of the main
use cases (1-6) by estimating the DOAs, improving the implement complexity, and working at
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resource-constrained environments.

5.2 Main Activates

The main goal of the integrated sensing and communication (JCAS) receiver design is to
unambiguously estimate the DOAs and communication data of transmitters [46], [47]. Several
approaches have been proposed for the classical DOA estimation problem, including Multiple Signal
Classification (MUSIC) [48] and Estimating Signal Parameters via Rotational Invariance Techniques
(ESPRIT) [49], which utilise the noise and signal subspaces, respectively. The performance of subspace
decomposition methods, however, is significantly degraded in highly correlated or coherent target
scenarios. They also rely on prior knowledge of the number of transmitters. Pioneered by [50],
compressed sensing (CS) is considered a promising approach for DOA problems to reduce the
implementation complexity and enhance the detection resolution by leveraging the signal sparsity in
the spatial domain. In [51], [52] the authors showed that random antenna arrays can achieve almost
the same performance with the uniform linear array (ULA) implementation. Nevertheless, this
requires that the DOAs lie on a fine grid, which is not the case in practice as the DOAs can be located
in any position in the target area. This mismatch between the inherent and estimated DOAs may
degrade the reconstruction performance severely [53].

To overcome the above mismatch, an off-the-grid CS-based method named atomic norm
minimization (ANM) was developed to promote the sparsity of the signal in a continuous dictionary.
The ANM has been used in different communication and signal processing problems such as MIMO
radar [54], line spectral estimation[55], and impulsive noise elimination in OFDM system [56]. For
example, in [54], the authors developed an ANM to estimate the spatial information of the radar
channel in a continuous domain. From the communication perspective, estimating the transmit signal
is essential to decode the digital messages. For this aim, the ANM is also used for blind detection [57],
[58]] where both the channel and transmit signal are simultaneously estimated. In [59], the authors
proposed a regularized ANM for overlaid radar-communications systems.

As shown in Figure 21, the receiver aims to jointly localize the DOAs of transmitters and their transmit
data symbols from the received signal. In the classical DOA estimation problems, it is assumed that
there are pilot signals, which help the receiver to estimate the channel between the transmitters and
receivers. Then, the receiver can use this information to estimate parameters of interest in the next
coherent time. Aside from practical scenarios where pilot signals might not be available, this
assumption also wastes bandwidth and might reduce the estimation performance because of the
demodulation error [60]. Hence, blind detection approaches are essential. The lifted ANM [57, 58, 59],
as another blind estimator, requires precoding on the transmit signal, which significantly wastes
bandwidth. Our proposed approach offers significant advantages over existing methods, such as the
lifted ANM (LANM) framework presented in [61]. Specifically, while [62] is capable of detecting only a
portion of the transmitted signal, our method enables the detection of all transmitted symbols,
leading to significantly improved spectral efficiency. Moreover, our approach supports the detection
of complex signals, which are crucial for practical communication systems employing QAM
modulations, whereas [63] is limited to real signals. Unlike the semi-blind framework in [64], which
depends on a predefined coding matrix known to the receiver, our method operates in a fully blind
manner, eliminating the need for such prior information. Comparative results further demonstrate
that our approach provides robust channel recovery performance and greatly enhances symbol
detection capacity. These contributions underscore the practical relevance and scalability of our
method in real-world scenarios.

In this report, we propose a novel off-the-grid estimator via the dual of ANM, which does not require
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the pilot signal between the transmitters and receiver, prior information regarding the number of
transmitters, and operate on a reduced transmit signal dimension. We present a joint DOAs and
communication data estimation problem using the dual of the ANM when only a random subset of
received signal samples is observed. This relates to practical receiver implementations with reduced
complexity, such as antenna selection, using randomly selected dictionary waveforms for the match
filter or sub-Nyquist samples. Moreover, this approach can be used for hybrid analogue-beamforming
architectures to reduce the implementation complexity and cost. The proposed problem requires an
infinite-dimensional search over the spatial domain, therefore, it is difficult to solve. To tackle this, we
leverage the results of the Schur complement approach to develop the semidefinite relaxations (SDR)s
to implement the proposed problem. We then provide a fast algorithm based on the alternating
direction methods of multiplexers (ADMM) to enhance the implementation time. Simulation results
are done to investigate the performance of the proposed estimator and to demonstrate its superiority
to the benchmarks.

}/Zi Transmitter K

Tt Nr

Transmitter 1

The ISAC receiver

Figure 21-The system model.

5.3 System Model and Problem Formulation

We consider an JCAS receiver with N,. antennas to jointly estimate the DOAs of K transmitters and
KP transmit signals, where P is the number of time slots, as shown in Figure 21. The transmit signal
can be written as S = [sy, -+, Sg]” where s, = [si1,*, Sk p]" - The received signal on the N,-antenna
receiver can be given by

s (5-1)
Y= ) aja(f)sk +N,Y € CVr>P,
k=1

where N € CV*P is the additive white Gaussian noise (AWGN) with variance o2 for each entry and

2md . .(Nyr—1)2md _.
a@) =11, el 2 sn® ... elfsmw)]T is the steering vector where 6y, is the DOA of the k —th
transmitter. Moreover, a;, = |a;|e/®k is the k —th transmitter complex coefficient, that models the
path loss together with the cross section. We assume the linear antenna configuration with 1 = 2d
where A and d are the wavelength and antenna spacing, respectively. Let us assume that there is only
an incomplete observation of Error! Reference source not found. as Po(Y), where Pq(+) is an
orthogonal projection onto the linear space of vectors supported on (, with the number of
observations M < N,.P. Indeed, at the receiver side, we only observe M samples out of N,.P at
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random. The problem is now to jointly estimate the transmitter parameters and the communication
signals from the incomplete observation Pq(Y). Inspired by [65] that studied matrix completion for
MIMO radar, our incomplete observation model can be exploited in scenario where each receive
antenna either performs matched filtering with a small number of randomly selected dictionary
waveforms or obtains sub-Nyquist samples of the received signal, reducing implementation
complexity and costs. Equation Error! Reference source not found. contains PK unknown signal
parameters, K unknown angles, K unknown «a;, values, and K transmitters. This leads to a total of
PK + 3K unknown parameters overall, hence, it is difficult to solve with M observations. Below, we
leverage the signal sparsity in the spatial domain and a simple coding on the £, norm of the transmit
signal.

5.4 The Dual of Atomic Norm Minimization

This section aims to jointly estimate the DOAs of the transmitters and their transmit signals using
the dual of the ANM when only a subset of observations is available. To do so, let us first bound the
£, norm of the transmit signal as || sy ll,= 1, Vk. Note that, as this is abound of the norm of the signal
vector instead of per-symbol, it does not exclude any signal constellations. Indeed, in our results, we
explore non-constant modulus signaling, quadrature amplitude modulation (QAM) constellations.
Then, we define the norm

K (5-2)
I X "dq,o: = inf{K:X = Z |ak|a(9k' ¢k)s£'
k=1

I s < 1,|ag| >01 all
<1},

where a(f,¢) = [1,e/MO+) ... of(Nr—D)7sin@)+)T  petecting the transmitters’ DOAs
implicates finding the minimum K from the atomic decomposition of X. Note that [ a ;< 1 is
required to bound the dual of the atomic norm in (Error! Reference source not found., which differs
from the conventional atomic norm, as it aims only to estimate the DOAs using pilot signals. Thus, we
define a relaxed convex version of || X [l 4 ¢ as

I X llg: = inf{ll o ll;= z | |: X (5-3)
k
K
= ) 1@la(6 sk si I

k=1
<Ljag| >0, llal <1}

Then, we propose the following penalized optimisation
. 1 2
min 4 Il X "¢/I+E I Po(Y) — X,

where u > 0 is a penalty parameter that balances the sparsity of the channel and power density of
the noise. To recover the DOAs using the primal problem, an infinite-dimensional search over [0,27),
where the DOAs lie, is required. Specifically, 8, € [0,2m) for all k. The primal problem is difficult to
solve, and no SDR can be applied because the primal problem of the ANM is generally designed for
cases where the transmit signal is available in advance. However, we aim to estimate both the DOAs
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and the transmit signal simultaneously. To tackle this issue, we exploit the dual technique. To obtain
the dual problem of the primal problem in (Error! Reference source not found., let us write the
Lagrangian function as

1 -

I Po(Y) =X 174+ (QX—X) =

R Hx

+%(|| Po(Y) =X 13)
+ R{tr(Q"X)},

where (Q,X) = R{tr(Q”X)} in which Q € CNr*? is the dual variable. It is worth noting that the third
term of the first line, which is equal to zero, is added in order to obtain the dual problem. Regarding
the duality theorem, the Lagrangian function must be minimized first with respect to X. Thus, to avoid
an unbounded solution for the first term of the Lagrangian function, the following constraint is
required

R Hx 5-6
Il QII%= supM = sup R{tr(Q”X)} 5-0)
x X4 DAPES!
<y

. . . i - 1
where || Q II%; is known as the dual norm of the atomic norm. Using the first derivative of E("

Pa(Y) — X 113 + R{tr(Q”X)} with respect to X, we can find the solution as X* = P (Y) — Q. Then,
the dual problem can be given by

mqin | Po(Y) —QIIZ s.t. (5-7)
I Q I%< 1 Qqr =0,

where Q € CM*P is the optimisation variable and Q7 is the complementary set of Q. The last
constraint states that dual variable Q must be equal to zero where there is no observation based on
duality theory and optimisation efficiency. Indeed, when a certain observation does not contribute,
the corresponding dual variable must be zero. The atomic and Frobenius norms are convex.
Additionally, there is no strictly explicit inequality constraint in the primal problem in (5-4), hence,
Slater’s condition holds, ensuring strong dualit. As a result, the solutions of the primal and dual
problems coincide. Though problem (Error! Reference source not found. is convex, it is a non-
deterministic polynomial time (NP)-hard problem because of the infinite-dimensional search over the
spatial domain. Nevertheless, we resolve the mentioned issue using the SDR technique as follows.

5.5 DOA Estimation

Let us first write
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sup R{tr(Q"X)} (5-8)

IIXllg=1

= sup <Z @la(6k ISt Q)
0,9€[0,2m),llxll <1
lIsgllz=<1

— Z |ak|R{SkQHa(9k' d)k)}

6,9€[o, 27'[) ||a||1<1

lIsgllzs1

_ z laie| I Q%a(By, d) I
6,9€[o, 27T) lally <14

= sp 1Q%a6,¢) Ll al,

0,¢€[0,2m),llall1 =1

< sup | Q"a(6,¢) I,.
0,¢€[0,27)

The third equality can be obtained using Il s; lI,< 1. The last equality is because of |l a [l;< 1. To

P
have || Q II’;< u, we use the Schure complement technique as [ ] > 0, where P € CNr*/r s

Q" I
a hermitian matrix and I is an identity matrix with size P. For any given t, we can write u?t"Pt —
t7QQAt > 0, consequently, u?t?Pt >|| Q¥t |I2. Let us set t = a(8, ¢), therefore,

I1Q"a(6,¢) I3< u aH(Q; $)Pa(b, ) (5-9)
= p’tr(Pa(d, ¢)a" (6, 9))
< u? a8, 9)a"(6,¢) lle
Py

= p?a(8, ¢)a’ (6, ¢) Il tr(P),

where the last equality comes from || P [l;= tr(P) for semidefinite matrices. Observing that ||
a(d,¢9)a(8, ) llo=1 for all 8 and ¢, to have || Q"a(8, p) II53< u?, it is enough to have tr(P) < 1
and tr(Q®;) = &, where 0@, is an elementary Toeplitz matrix with ones on it’s k-th diagonal and
zeros elsewhere and 8, =1 if k =0, otherwise 6, =0, k € {1 —N,,--,P — 1}. Therefore, the
problem can be written in a tractable form as

rgipn Il Po(Y) — Q1% s.t. tr(Q@k) (5-10)

Q1.
= 0,tr(P) < 1.

The DOAs can be detected as the peaks of polynomial || (Q*)*a |3, where Q* is the solution of
problem (Error! Reference source not found., that achieve \/u as shown in Figure 22 (a) that we will
discuss in the following.

5.6 Communication Data Estimation

By defining fi, = |ak|sy, we can solve the following problem
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K (5-11)
min | PaCy) - PICHIAL:

k=1

to estimate f;,V k where 8, is the estimated DOA for the k —th transmitter. Then, exploiting the
fact that ||sk ||, = 1, we can estimate both s; and | |. The problem is an LS problem with the closed-
form solution A* Py (Y) where A% is the pseudo-inverse of A in which A = [a(0,), -+, a(8x)].

Algorithm 1-The ADMM algorithm for problem (Error! Reference source not found..

1: | LetusinitializeQ® = 0,P° =0,y° =0,p° = 0,A°=0,S° =0, = 0.5,andsett = 0: T as
the iteration step.

2: Repeat

4: | Update Q!*%, Pt*1, and Wttl,

5: | Update At*1, ttl, and pt*t.

. . f*
6: Use Il (Q*)"a |I3= u to estimate the DOAs and solve the LS problem and use Ia_kl to recover
k

transmit signals.

5.7 Computational Complexity

The interior point method with the Newton step in CVX entails a computational complexity in the
order of O((E + F)1®E?), where E and F are the numbers of variables and constraints, respectively.
Problem (Error! Reference source not found. includes N2 + N,.P variables and 3N, + 3P constraints,
hence, the total computational costs can be approximated by O(N>2 + (N,.P)3). This problem can
be implemented for the moderate number of antennas and snapshots, however, for large-dimensional
case, its computational complexity is prohibitive. Thus, in the next section, we provide an iterative
algorithm based on the ADMM technique to expedite the implementation of (Error! Reference source
not found..

5.8 Fast JCAS Estimation via ADMM

Let us first rewrite problem (5-10) as
min | Pa(Y) - Q I s.t. tr(QOy) (5-12)

P Q
-y ,Vk,W:[ ],w
k QH ‘lel
> 0,Qqr = 0,tr(P) < 1,

where W € CWNr+P)X(Nr+P) i an auxiliary variable. Then, we can write the augmented Lagrangian
function as
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LQY,p,P,AW) = (5-13)
I PaC¥)

~QIE ) hi(r(QOy)
—50p(1L— tr(P)) + (AW

- [ZH 32 I])

P Q
+ew| I
E QH ,UZI F
where £ >0 is a penalty parameter and Y = {{,}k__, are real scalars, p >0, and A€
CWNr+P)X(Nr+P) js 3 Hermitian matrix, i.e., A = A,
The ADMM includes the following iterative steps with iteration t as

(Qt+1' Pt+1) (5_14)
— rglan(Q: P, lIJtJ pt' At, wt), wt+1
— WL%L(W' Qt+1; Pt+1, lIJt, pt' At), At+1
— At_+ E(wt+1

Pt+1 t+1
_ (Qt+1)H '32] ])‘ (lIJHl,le)

— rgmL(lp' p, Qt+1, Pt+1,At+1,Wt+1).
P

Let us first define

At |A1 € TN Ay € CYP (5-15)
T (Alél)t At3 e chxp |
. wlt € CNTXNT W§ € CNrXP

W owanye Wi € ¢

Then, we can write the following derivatives as

L (5-16)
Vo= Pa(¥) +2Q" + ) 0, + (A1) (A1)
=1
- 2(WH)* — 2w’
+212Q7Vp
= —pl - (A1)" — 25 (W')"
+P+Q,

constrained on Q,r = 0. Therefore, the closed-form solutions can be obtained as
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(2 +2p*) QM) (5-17)
= —Po(Y) + 2(WiHt2(WihHt
L

=) 0 - @y
=1
_ (AI;)t’Pt+1
= pl + (A)* + 2&(Wi')t
_ Qt+1-

To update W, we can write

WD = pt+1 Qt+1 _ g (5-18)
@*H" w1 | 28
We then project W{*D onto the positive semidefinite cone (W > 0) by computing its eigenvalue
decomposition as below

WD = U diag(max(a, 0))U”, (5-19)

where U and A are the eigenvectors and eigenvalues of WE+D  Finally, to update A, Y and

p, we can write

Pt+1 t+1 5-20
Att1 = At 4 E (W(t+1) [(Qt+1)H 321 )’ ( )
K=k + p(tr(QO) — 8,

pttl = pt + A(1 — tr(P)).

The procedure of the ADMM algorithm is summarized in Algorithm 1. After obtaining the Lagrangian
variables using Algorithm 1, one can use || (Q*)"a II3= u to recover DOAs and solve the LS problem

f*
and use —&
lak

I to estimate the communication data. The computational complexity of the proposed

algorithm is determined by the updates of key variables in the optimisation process. The update of Q
involves solving a linear system, which typically has a complexity of O(N,-P). Similarly, the update of
P also requires solving a linear system with a complexity of O(P). The update of W, is generally
considered to have a complexity of O((N, + P)3), as it involves matrix updates and calculations
related to the block structure of W and eigenvalue decomposition. The update of the dual variables
Y and p involves solving a relatively simple optimisation problem, with a typical complexity of O(N,. +
P), since the updates are based on solving for scalars in the dual problem. Lastly, the update of A has
a computational complexity of O(N,-P). Assuming the optimisation has T iterations, the total
complexity will be dominated by the matrix operations for updating Q, P, W, and the dual variables
as follows:

O(T - BN,P + N, + 2P + (N, + P)?)) (5-21)
~ O(T - (N, + P)*)

This is less than the total complexity of problem (5-10), which means that the proposed fast
algorithm can be used for high dimensional signaling.

5.9 Simulation Results
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In this section, we investigate the performance of the proposed joint off-the-grid (JOG) estimator
via 1000 Monte-Carlo simulations. The DOAs of the transmitters are independently generated. We
set N, = P = 10. We define the root mean square error (RMSE) as

RMSE: = (5-22)

1 Ninc K *
\/KNm,;anFl k=1 (Gnmc,k Gnmak)’

where Ny, is the number of Monte Carlo simulations and 6 is the estimated DOA at the k —th
transmitter for the n,,,. —the simulation. We also define the symbol error rate (SER),

1 Nuyc I
ch Z 1 (S"mc_s;lmc)

Nmc=

(5-23)
SER =

where I is a binary indicator such that [ = 0 if S,, = S,’;mc, otherwise, I = 1, in which S,*lmc is the
estimated signal at the n,,. —th simulation. We set u = 0.6. The value of £ is crucial for balancing
convergence speed and stability in the augmented Lagrangian. In our simulations, we set £ = 0.5, as
it provided a good trade-off, ensuring efficient convergence without compromising stability, which is
essential for the practical application of the algorithm. To ensure a fair comparison with the LANM
framework outlined, we modified the evaluation setup by increasing the number of time slots used to
sample the received signal. This adjustment allowed both approaches to detect the same number of
symbols, enabling a direct performance comparison.

Proposed JOG Estimator

07 07 Conventional ANM
0.6 f \/_ 'IIF:\" |IITII| 'II"\III _ X i A i ,!’\
e i 0.6 \/;_1 N i i
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Figure 22- The dual polynomial for the proposed JOG estimator and conventional ANM in Figs. 2 (a) and (b),
respectively.

We compare the dual polynomial of the proposed JOG estimator with the conventional ANM. For
the conventional ANM, we implemented problem (5-10) without the third constraint. The transmit
signal for the conventional ANM is required, however, our proposed estimator is able to recover the
DOAs without prior knowledge of the transmit signal. This can be seen in Figure 22 where the peaks of
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the dual polynomial for our proposed estimator are exactly reached \/u , however, the conventional
ANM has many peaks, hence, it can not detect the DOAs. The DOAs and Vi are shown by the dashed
blue and red lines.

~
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Figure 23-The RMSE of the DOA of the proposed estimator and benchmarks.

We compare the performance of the DOA and transmit signal estimations. In Figure 23, we plot the
RMSE of DOA estimation in degree (deg) versus the signal-to-noise ratio (SNR). We use the Cramér-
Rao lower bound (CRLB) as a performance bound. The proposed JOG estimator outperforms the
conventional benchmarks and it performance is comparable to the CRLB. The results, presented in
Figure 24, demonstrate that our proposed method achieves comparable NMSE and SER performance
to LANM while retaining its inherent advantages, such as fully blind estimation, the ability to handle
complex signals, and the capability to detect a greater number of symbols for a given transmitted
signal.
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Figure 24- The SER of the proposed estimator and benchmarks.

Once DOAs are detected, we implement the LS problem to recover the transmitted signal. We
compare the SER of the proposed JOG estimator with the benchmarks. As shown in Figure 24, the
performance of the proposed estimator is better than the conventional approaches. It is observed
from this figure that by enlarging the QAM constellation, the SER increases. Note that, to ensure a
fair comparison, we increased the number of time slots used to sample the signal. This demonstrates
the advantage of our proposed approach in detecting more symbols from the same transmitted signal.

We evaluate the empirical rate of success of detecting the DOAs in Figure 25. We carry out the
optimisation problem for the different numbers of transmitters, and received samples from M = 50
to M = N, P = 100. The pure white and black are related to the successful and unsuccessful
recoveries for all the Monte-Carlo simulations, respectively. It is observed from this figure that for
higher rations of observations over numbers of transmitters the proposed JOG obtains a high success
rate, while this declines with the increase of targets w.r.t. the numbers of observations.
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Figure 25- The empirical rate of success of detecting all the DOAs from M = 50 to M = N,. = 100.

Finally, Figure 26 compares the execution time in seconds (s) versus the number of antennas for
implementing the proposed estimator with conventional approaches using an Intel Core i7-6700, 2.6
GHz CPU computer. As shown in the figure, the proposed estimator outperforms the ANM in terms of
execution time due to the ADMM algorithm.
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Figure 26- The execution time versus the number of antennas, N,..

5.10 Future Works

We studied an off-the-grid estimator for the JCAS systems in the case of an incomplete observation
model. We proposed SDPs for implementing it. We then leveraged the ADMM technique to propose
a fast algorithm for solving it. Simulation results evaluated the performance of the proposed
estimator. Our proposed method focuses on a line-of-sight (LOS) propagation scenario. However,
extending our approach to the multi-path scenario would be an interesting research direction.
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