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Executive Summary

6G-MUSICAL is an ambitious European research project under the Smart Network Services Joint Undertaking
(SNS-JU), aimed at transforming the future of wireless communication and sensing in 6G networks. The project
pioneers the seamless integration of radio frequency (RF) communication and radar-based sensing
technologies, enabling highly accurate localisation and object tracking at the network edge. By developing
energy and spectrum-efficient systems, 6G-MUSICAL will support next-generation services that require both
high-speed communication and precise environmental awareness. Unlike other initiatives, the project uniquely
focuses on detecting both connected and non-connected objects, expanding the reach of network intelligence,
and addresses the critical challenge of synchronising distributed edge nodes for ultra-high accuracy. Leveraging
cutting-edge optical and electronic technologies, the project will build a network of intelligent, cooperative
radars, supporting new services such as high-precision localisation and advanced 3D mapping. Machine
learning (ML) will optimise system performance and service delivery across wireless, network, and hardware
domains. Key technologies will be demonstrated in laboratory environments to validate their performance
against rigorous targets, paving the way for the next generation of intelligent, energy-efficient, and highly
capable 6G networks.

The 6G-MUSICAL project is structured into seven work packages (WP1-7), each targeting specific project goals.
WP4, titled “Network Synchronisation, Cloud Radio Sensing, and Resource Allocation,” is composed of four key
Tasks (Tasks 4.1-4.4). Together, these tasks address three core objectives of the project:

e Design and develop low-noise, highly stable reference sources for RF carrier generation and timing
synchronisation.

e Develop and validate cooperative multiple-input multiple-output (MIMO) multistatic sensing
algorithms to enable high-accuracy localisation, object tracking, and high-resolution 3D imaging.

e Create dynamic resource allocation strategies to optimise radio resources for localisation, sensing, and
communication.

This deliverable, D4.3, focuses on activities within Tasks 4.3 and 4.4 and provides an intermediate report on:

e Beamforming algorithms for the joint communication and sensing (JCAS) paradigm, aiming to
significantly reduce the fronthaul load by distributing the signal processing tasks between the central
unit and the access points.

e Signal processing algorithms for multistatic sensing, focusing on signal processing for range, Doppler,
angle of arrival (AoA), translation of the results into global Cartesian coordinates, and the impact of
time-synchronisation, are highlighted.

e Baseband algorithms in the sensing station level of the multistatic scenario to support centralised high-
resolution multistatic sensing functions and a secure sensing mechanism.

e Estimation algorithms to estimate the Doppler frequency and AoA of passive (i.e., unconnected)
objects.

e Resource sharing scenarios and their performance evaluation in terms of the Cramér-Rao bound (CRB)
associated with AoA and symbol estimation, assuming unitary normalised constant envelope
signalling. Establishing the CRB gives important engineering insights for practical AoA and symbol
estimation algorithms.

e Transmit signalling design and resource allocation framework for distributed (D-JCAS) systems,
integrating both collocated and distributed MIMO radar for target localisation alongside noncoherent
coordinated multi-point (CoMP) downlink communication.
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e Algorithms for associating sets of access points (APs) to user equipments (UEs) in a JCAS scenario,
where the transmitter APs communicate with multiple UEs and simultaneously steer beams toward a
target.

Importantly, the activities in WP4 are closely linked to the use cases and system requirements defined in WP2.
The design approaches developed in Tasks 4.3 and 4.4 are guided by the practical scenarios and performance
expectations identified in WP2. The outcome of Tasks 4.3 and 4.4 will play a crucial role in the success of 6G-
MUSICAL, namely for the OpenWiFi demonstrator developed in WP6.
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1 Introduction
1.1 Scope

WP4 of the 6G-MUSICAL project is dedicated to developing key mechanisms and algorithms to enable
multistatic sensing and localisation in a cell-free network environment. It specifically tackles the
challenge of time-frequency synchronization between nodes, which is vital for efficient multistatic
sensing. The work package also develops algorithms for the joint processing of sensing data across
various nodes. Furthermore, WP4 aims to optimize resource allocation to improve sensing and
localization performance the context of cell-free (CF).

This deliverable specifically encompasses Tasks 4.3 and 4.4 and focus on the design of multistatic and
efficient resource allocation algorithms for radio-sensing and positioning. Specifically,

Task 4.3, “Multistatic Sensing for 3D Imaging and Object Identification”, is led by IT with the
participation of IMEC, and ETL. This task follows the specifications issued in WP2 and aims at the signal
design and joint receiver/transmitter processing for the case where we have multiple nodes forming
a radio sensing multistatic radar, and for communications, several cells centred at the user. It also
focuses on 3D object reconstruction or imaging, and identification. The scope includes both connected
and unconnected objects. This task involves designing a transceiver algorithm that strikes a balance
between communication performance, sensing accuracy, and privacy protection capability for use in
the OpenWiFi demonstrator in Task 6.1. This leads to designing high-resolution, non-biased sensing
algorithms with limited degradation of communication performance. An authorised sensing
mechanism where the transmitter algorithm restricts the sensing task to authorised receivers by
incorporating a channel state information (CSI) fuzzer inside the transmitter, and joint optimisation of
sensing, privacy protection (CSI fuzzer), and communication performance.

Task 4.4, “Intelligent Resource Allocation Mechanisms and Self-Organization of Cell-Free Radio
Sensing”, is led by ETL with the participation of IT and UCL. In this task, we investigate and define
efficient resource allocation algorithms for radio-sensing and positioning. In this task, we also
investigate setting the needed requirements, taking into account the practical limitations of the
OpenWiFi demonstrator in Task 6.1, to come up with a set of feasible and realistic specs. JCAS systems
must form beams for both communication, based on accurate or imperfect channel state information
at the transmitter (CSIT), and sensing, which lacks prior target knowledge. This requires handling
differing beamforming needs using shared resources (time slots, frequency channels, transmit power,
antenna and RF chain resources, etc.). Receiver performance also hinges on channel state information
at the receiver (CSIR) and resource allocation. Therefore, this task aims to model and optimize these
trade-offs, developing practical resource allocation strategies that ensure high-quality sensing with
minimal impact on communication performance.

1.2 Overview and Organisation of the Document

The rest of the document is organised as follows,

Section 2 designs a two-stage beamforming algorithm for the CF JCAS paradigm, aiming to significantly
reduce the fronthaul load by distributing the signal processing tasks between the central unit (CU) and
the access points. The algorithm explicitly incorporates both communication and sensing
requirements into the optimization process, addressing power and signal-to-noise ratio (SNR)
constraints in a cell-free JCAS context.

Section 3 discusses different aspects of signal processing algorithms associated with multistatic
sensing, considering orthogonal frequency division multiplexing (OFDM) as a reference baseband
waveform and beamforming at the transmitter and receiving nodes. Specifically focusing, signal
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processing for range, Doppler, angle of arrival, translation of the results into global Cartesian
coordinates, and impact of time-synchronization is highlighted.

Section 4 enters the sensing station level and addresses that the traditional communication nodes are
not suitable to act as a sensing station due to the limited resolution as the result of the extreme
optimization for communication performance and footprint. The section proposes the architectural
design and processing algorithms at the single station level to bring the high-resolution sensing data
collection and secure sensing mechanism, which is essential for the centralized multistatic sensing
algorithm. The simulation and the actual measurement on the modified OpenWiFi (full-stack 802.11
field programmable gate arrays (FPGA) implementation) platform demonstrate the effectiveness.

Section 5 addresses the challenge of estimating the Doppler frequency and angle of arrival of a passive
object. The estimation process uses noisy sensing signals received at multiple time instances as input,
and outputs the estimated angle and Doppler frequency, either locally at individual sensing nodes or
centrally at a fusion entity. Within this general framework of multiple transmission and reception
points (multi-TRP) networks, the section analyses how key system parameters, such as the number of
receiving access points and the number of available time samples, influence estimation accuracy.

Section 6 we study the three resource sharing scenarios and compare their performance in terms of
the CRB associated with AoA and symbol estimation, assuming unitary normalized constant envelope
signalling. Establishing the CRB provides important engineering insights and serves as benchmarks for
practical algorithms in positioning unconnected objects across various use cases, including intruder
localisation in secure areas and the localisation of unconnected or unauthorised unmanned aerial
vehicles (UAVs).

Section 7 proposes an innovative transmit signalling design and resource allocation 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 time-of-flight (TOF) measurements, effectively leveraging the
strengths of both techniques to enable high-precision target localisation.

In Section 8, we discuss algorithms for associating sets of APs to UEs in a JCAS scenario, where the
transmitter APs communicate with multiple UEs and simultaneously steer beams toward a target.
First, we propose a simple association scheme in which AP-UE pairing is performed randomly. The
second algorithm uses the channel norm as a metric to perform the association between APs and UEs.
Finally, the third scheme assigns a fixed number of UEs, with the highest channel norms, to each AP.
It is worth noting that this work presents preliminary results on intelligent resource allocation, and
optimised methods are foreseen for the following reports.

Section 9 concludes this deliverable.

Notation: Capital boldface letters denote matrices; lower boldface letters denote column vectors, and
italics denote scalars and symbols.
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2 Two-Stage Distributed Beamforming Design in Cell-Free Massive
MIMO JCAS Systems

This section presents a two-stage beamforming algorithm for the CF JCAS paradigm, aiming to
significantly reduce the fronthaul load by distributing the signal processing tasks between the CU and
the APs. The design optimises the sum signal-to-interference-plus-noise ratio (SINR) for
communication users, subject to per-AP power constraints and SNR requirements for radio-sensing
purposes. The resulting optimisation problems are non-convex and challenging to solve. To address
this, we employ a majorization-minimisation (MM) approach, which decomposes the problem into
simpler convex subproblems.

2.1 Motivation and Objectives

Distributed JCAS architectures have attracted growing attention due to their improved coverage,
diversity, resilience to shadowing, and robustness to environmental dynamics. These benefits have
led to various precoding strategies tailored to different system objectives [1]-[5]. In [1], transmit
beamforming was designed to maximize sensing SNR under SINR and per-AP power constraints in a
CF JCAS setup. The work in [2] analysed the trade-off region among communication-only, sensing-
only, and joint beamforming designs. [3] further advanced the field by jointly optimizing transmit and
receive beamformers along with AP mode selection, maximizing sensing SNR under power, SINR, and
mode constraints. Unlike these sensing-centric approaches, [4] proposed a communication-centric
formulation that prioritizes communication rate while ensuring radar estimation and power
requirements. Finally, [5] introduced a hybrid beamforming solution based on ADMM, distributing
processing between the central unit and APs to reduce central complexity, though at the cost of
increased fronthaul usage.

Previous contributions to CF JCAS beamforming design typically require high-capacity fronthaul links
and centralized processing, which hinder scalability in dense networks. In contrast, this work proposes
a distributed approach that alleviates fronthaul load and computational complexity, enabling more
efficient and scalable CF JCAS deployment.

The work aligns with the objectives of Task 4.3, which focuses on the signal design for the case there
are multiple nodes forming for radio-sensing a multistatic radar and for communication several APs
centred at the user. In line with this, the design implements a two-stage beamforming scheme, where
the CU performs an initial layer of precoding, and the APs locally refine the beamforming vectors. The
algorithm explicitly incorporates both communication and sensing requirements into the optimization
process, addressing power and SNR constraints in a cell-free JCAS context. This distributed
architecture enables a more scalable and efficient signal processing solution, significantly reducing
fronthaul load and computational complexity in the CU. This approach reflects the core goals of Task
4.3, namely designing transceiver algorithms that addresses and appropriate balance between
communication performance and sensing accuracy. The following sections present the system model
and provide a detailed description of the proposed algorithm.

The distributed beamforming strategy proposed for cell-free JCAS systems in this document
contributes directly to multiple 6G-MUSICAL use cases by enabling energy-efficient, scalable, and
localisation-aware joint sensing and communication. The proposed algorithm is particularly well-
suited for Indoor automated guided vehicle (AGV) Localisation (Use Case 6.1.1 in D2.1), where
accurate spatial resolution is essential. By coordinating distributed APs to generate coherent beams
with sub-meter angular and range precision, the method ensures reliable localisation of AGVs in
warehouse and production facilities. The cooperation among APs enhances spatial diversity, which is
key to improving localisation accuracy. In addition, real-time operation is achieved through local
processing at the APs, while the distributed nature of the algorithm contributes to a more scalable
and flexible system design.
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For Weather Monitoring (Use Case 6.3.1 in D2.1), the ability to steer a centralised probing beam from
distributed transmitters and coherently combine returns from spatially dispersed receivers allows the
system to detect environmental conditions such as localised precipitation or microclimate shifts with
high spatial granularity.

Furthermore, the probing-based sensing model employed in the algorithm ensures robust radar
illumination for Intruder Detection (Use Case 6.2.1 in D2.1) and UAV Monitoring (Use Case 6.2.3 in
D2.1). These use cases require exploiting the diversity provided by cooperative APs to guarantee
reliable detection under varying interference and mobility conditions. The proposed method supports
this by jointly optimising the transmitted waveforms across APs and ensuring that the target sensing
SNR remains above a predefined threshold. This helps maintain critical key performance indicators
(KPIs), such as keeping the intruder miss-detection probability below 2%. The coordinated design
increases the system's degrees of freedom, thereby enhancing sensing robustness in secure or high-
risk environments.

2.2 System Model

Figure 2.1 illustrates the considered CF JCAS scenario where the APs are divided into M transmitters
(APw) and N receivers (AP«). These APs are connected to the CU via fronthaul links. The set of AP/AP
forms a multistatic topology within the CF JCAS scenario, which enables radio-sensing applications.
Figure 2.1. Also, AP« and AP hold uniform linear arrays (ULAs) with Nnand Ny antenna elements,
respectively.

Figure 2.1: lllustration of the considered CF JCAS scenario.

This work considers a scenario where the set of AP communicates in the downlink with K single-
antenna UEs, while simultaneously steering a single probing beam in the desired direction for target
detection and estimation. Additionally, the set of AP is configured to function exclusively as radio-
sensing receivers. Specifically, the signals received by the AP are processed to detect and estimate
objects in the environment.

We make the following assumptions about the CF JCAS scenario:

1) each UE is connected to all APy,
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2) all APy steer their radio-sensing beam towards the same geographic location (a point-like
target, as shown in Figure 2.1.

Additionally, we consider that all APs are synchronized and that the CSI between the AP« and the UEs
is perfectly known by the AP«. We emphasize that each AP has knowledge only of its local channel
to the UEs, and not the channels of other AP to the UEs.

Regarding the radio-sensing function, the set of APw/AP.« cooperatively scan the environment under
the orchestration of the CU. For this, the CU calculates the angles corresponding to a specific position
where an alleged target might be located and forwards this information to the APs, allowing them to
direct the radio-sensing beams toward that position. Additionally, both the APand AP have a line
of sight (LoS) to the target, though a LoS path between the AP and AP is not required.

2.2.1 Transmitted Signal Model

This subsection presents the joint communication and radio-sensing signal model used in the downlink
transmissions. More specifically, each AP« transmits K data streams towards the UEs, where the
communication data streams are also used for radio-sensing purposes [7]-[9]. The signal transmitted
by the mth AP«is expressed as

Xm = Fps (2.1)

K
= Z fm,k Sk
k=1

where f,,x € CNurepresents the beamforming vector corresponding to the kth data stream, and s =
[s1,+++,sk]Tis the vector of the communication symbols. The AP and the CU coordinate to design the
precoders F, with the assumption that the CSl is perfectly estimated and locally known by each APx.
The transmitted data streams sxare independent and have unit power, i.e., E[ss] = Ix. Additionally,
the power budget for the beamforming vector is constrained by P, formally

|1Fm]| %< P (2.2)

2.2.2 Communication Model

As previously mentioned, the transmission of communication data follows a CF approach.
Consequently, the signal received by the kth UE is modeled as the sum of the signals transmitted by
the M APy, as described in (2.1). The received signal ykis given by

yk_zhmkf k5k+ z zh lSl+ nk (2.3)

i=1, ik m= N0|se
h,—/
Desired Signal (DS) Multi-user Interference (MUI)

where nx~ CN(0,042) represents complex additive white Gaussian noise (AWGN) with zero mean and
variance oi2. The term h,,x € CNxdenotes the communication channel between the mth AP and the
kth UE.

The communication channel hy,xis modeled as a narrowband block-fading propagation channel, as
described in [10]. Formally, it is expressed as

! !
hp e = \/—Z ﬁn)k ay, ()) (2.4)
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[0 .

where L is the number of paths, “.k represents the cfsgnnel gain, and aNtX( W )represents the
!-;)m.k

transmit array response vector of the Ith path, with denoting the angle of departure (AoD).

Building on the established conditions of independence among data streams and between the data

streams and receiver noise, we can now derive the total power of the received signal in (2.3). Under

these assumptions, the total power of the received signal in (2.3) can be derived as
E[ly,|?] = E[IDS|?] + E[IMUI|?] + E[[Noise|?] (2.5)

_ 2
= Ppsx + Puuik + Ok,

where,
M 2
Pos e = Z hy e fme| (2.6)
m=1
and
K
Pyuik = kme (2.7)
=1,
Using this decomposition, the SINR at the kth UE is given by
Pos
SINR, = ——=—. (2.8)
Pvuik + o

Here, the numerator corresponds to the power of the desired signal received by the kth UE, while the
denominator accounts for the total interference from other users and the noise power at the receiver.

2.2.3 Radio-Sensing Model

This work considers a multi-static radar configuration, where the APs direct a radio-sensing probing
beam in the direction of a point-like target. It is assumed that a LoS path exists both from the AP« to
the target and from the target to the AP.. Additionally, the channel between any AP« and AP pair is
restricted to this combination of LoS paths. Therefore, the channel between the mth AP and the nth
APy consists of a single path [1], as shown in Figure 2.1. The signal received at the nth AP.is given by

Yn = ) G, (DAl Oy + 1y (2.9)
m

where &, , is the path gain, which includes the effect of the path-loss, and radar cross section (RCS)
of the target [1]. The variables 8,,and ¢, represent the AoD from the mth AP and the angle of arrival
(AoA) at the nth APy, respectively. The signals received through the Nxantennas of the nth AP.xare
locally combined as follows

= gH¥n (2.10)

=Yn Z &m,naZtX (em)FmS + glr-llnn:

m

where g, € CV~represents the nth combiner, and y, = gfﬂ(ff)n). The signals in (2.10), from the N APy,
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are forwarded to the CU and coherently added. Thus, the signal at the CU is given by

y= Z Z Vndm,naIHVtx(em)Fms + Z ggnn- (2.112)
n m n

We consider that the noise at different AP,xare independent and identically distributed (i.i.d.) random
variables. In addition, we employ the Swerling | model, which is useful for modeling targets with
multiple scattering elements, where the scatterings between different transmitter/receiver pairs are
independent [1]. That means that there is no correlation between @, ,, for the different AP m/APuxn
pairs. Consequently, the expected power of (2.11) can be obtained as

~ 2
ElYP1= ) > chnllvnlmnall, OndFuls+ Y lEal’ed  a2)
m n n
From the above, it follows that the sensing SNR (sSNR) is given by

. 2
YmXn 0'rzn,n “Vnam,na%tx (0m)F, ”F
Yallgnll?or '

where omr?2 denotes the variance of the sensing channel.

(2.13)

sSNR =

2.3 Algorithm Description

In prior work on beamforming design for CF JCAS [1]-[4], the computation of the precoders is entirely
performed at the CU, requiring significant data exchange between the AP«s and the CU. In this setup,
the APs function as distributed antennas, leading to two main drawbacks. First, the computational
complexity at the CU is increased due to the high dimensionality of the optimization variables. Second,
fronthaul capacity limitations arise, as the CSI must be transmitted from the APws to the CU for
beamforming design, followed by the transmission of the precoding matrices or signals from the CU
back to the APs.

To mitigate these drawbacks, this section introduces a distributed beamforming framework in which
the precoding vectors f,x Vm,k are divided into two parts. Specifically, we define these precoding
vectors as follows

frke = OmxWmk (2.14)

where wp, x € CV«represents the local precoding vector, computed at each APy, and 8pkis a complex
weight computed at the CU. Figure 2.2 illustrates how the transmitted signal is formed. In the
following, any reference to the precoder design refers to the design of the distributed beamforming
framework. The formulation up to this point can be straightforwardly rewritten by simply substituting
(2.14).

As depicted in Figure 2.2, the data stream vector s is precoded at the CU using M diagonal precoding
matrices.

The resulting signals are then transmitted through the fronthaul to each of the M APw. Formally, the
signal sent from the CU to the mth APwis given by

Sm = A,S, (2.15)

where A, = diag{8m1,...0mx} € CK*Krepresents the central precoding matrix of the mth AP processed
by the CU. Then, (2.15) is precoded using a local precoding matrix by each APw. Therefore, the
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transmitted signal (2.1) from the mth AP« can be reformulated as
Xm = WS, (2.16)

where W, € CNexK s the precoder corresponding to the mth APw. From (2.15) and (2.16), it follows

T LS TTT T T s s i
i Aplx.l i
: 1
S | DX
] e W, —
i i
| i
Sar | Xar
T X W_.\,r :—b-
i i
1 :
\ APix s |

Figure 2.2: Diagram of the generation of the transmitted signal in a distributed paradigm within CF JCAS.

The problem is formulated as the maximization of the sum of the SINR (2.8) for the UEs, subject to the
power budget for each APw and the minimum sSNR requirements for radio-sensing purposes.
However, the proposed optimization problem is a challenging and computationally expensive
nonconvex problem. To address this, we introduce a solution based on cancelling the inter-user
interference. The interference-free precoders are designed in a two-stage distributed manner
between the APws and the CU. However, both problems to be solved at the APxs and the CU remain
non-convex. Therefore, we leverage a MM framework to obtain a simpler lower-bound surrogate
function, from which an iterative optimization algorithm can be derived to approximate a solution to
the original problem.

2.3.1 Problem Formulation

The objective of this work is to design A, and W, that maximize the sum of the downlink SINR for the
K UEs in a CF JCAS system, considering a multi-user (MU) and single-target scenario. The solution must
satisfy two constraints; the power budget per AP, and the sSNR in (2.13) must be greater than the
minimum value. Consequently, the optimization problem can be formulated as follows

max SINR
wRx, zk: k (2.17a)
st [[Wnlpllf < Py Vm (2.17b)
sSNR > A (2.17¢)

where P, denotes the available power budget at the mth APy, and A represents the minimum
threshold for the sSNR. This threshold is crucial for ensuring that the received signal power is
sufficiently strong to enable accurate detection and estimation of the target parameters.

The MUI in (2.8) significantly increases the complexity of (2.17), making it computationally expensive
to find a solution. This complexity arises from the need to jointly account for the interference among
multiple users, which complicates the maximization of the SINR objective function in a CF scenario. To
address this challenge, we propose a solution that simplifies the optimization problem by cancelling
the MUI. This approach effectively reduces the dimensionality of the optimization problem, allowing
for a more tractable solution.
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2.3.2 Interference Cancellation via Null-space Projection

One approach to eliminate the multi-user interference (MUI) (2.7) between the data streams involves
projecting the precoder vectors, i.e., WnVm,k, into null-space (NS) of the interference channels. This
projection is performed locally by each APy, without requiring any information exchange between the
APys. As a result, the NS-based optimization problem can be reformulated as follows

s 2. P 2184
st YelSmil [Wmkll” < B ¥m (2.18b)
2%
Zm ZnZk G7Z‘rl,n|Yn6m,ka%,kwm,k = A, (2'18C)
where
2
Posi = ZSm,kh,’ka Wikl (2.19)
m
ilm‘k and an are obtained by projecting hy,x and anx (0m) into the null space of the interference
channel Hm,E , defined as

hop =PH chy g, (2.20)

— pH
Amk = Pm,kaNtx(Qm)

where P, =null(H,,;) represents an orthonormal basis spanning the null space of the
interference channel

H
Hmj = [hm,l' "':hm,k—l'hm,k+1""'hm,K] . (2'21)

Moreover, Wy, , denotes the projected precoder, from which w,, , = Py, , W, ; follows, and A=
Znllgnll?o7A.

2.3.3 Iterative Two-stage Distributed Beamforming Design Algorithm

The design of W,,, and A,,, is realized in a distributed manner, where the W,,, are computed in parallel
across the M APys, and A, is determined at the CU. The data exchange flow between the APws and
the CU is illustrated in Figure 2.3. Note that the presented schematic is conceptual, emphasizing the
data generated by each entity rather than the physical architecture, which can be implemented using
various topologies, such as star, mesh, or tree.
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1. Data transmission from APs to CU
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Figure 2.3: High-level schematic of the data exchange required for the two-stage distributed beamforming design
algorithm.

At the mth APy, W,,, is computed using information sent by the CU, including the &,k weights specific
to that APw. Additionally, data from the other M — 1 APys is required, such as the amxand Smxvalues,
which represent the equivalent communication and radio-sensing channels, which accounts local and
central precoding, respectively. We want to highlight that the computed precoders remain local to
each APy, and only partial information is forwarded to the CU. The CU computes the §,,xweights using
partial information from the APy, such as zmix and gmi, which represent the equivalent local
communication and radio-sensing channels, respectively. Additionally, wnx denotes the power of
W, k- The data exchange between AP and CU continues iteratively until the number of iterations
Niteris reached.

2.3.4 Local Precoder Optimization at the mth APtx

As previously mentioned, the optimization of Wy, , Vk is performed by the mth APy, requiring partial
information from the other AP«s and the CU. This problem is the same across all APws, allowing each
to be resolved independently and in parallel. Therefore, the optimization problem at the mth APis
given by

2

Sy Wi e + Z Qi (2.22a)

ixm

Wik -

st Yelomul | Fmpll” < P (2.22b)

~ 2 2~
Zancgn,nlynSm,kagL,ka,k| +Zi¢m2kzn0£n|yn8i,k| > A, (2.22¢)

where a;x = 6;xzikrepresents the equivalent communication channel, accounting for both central and
local precoding. Here, z;x denotes the equivalent local communication channel for the other APys,
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a

formally defined as z;, = hfkvAvi,k. In the same way, Bk = Oikgik is the equivalent radio-sensing
channel, accounting for both central and local precoding. The term g;«refers to the local radio-sensing
channel for the remaining APws, defined as g; , = afkv’\‘/i_k.

The optimization problem (2.22) is non-convex due to the nature of the objective function and the
radio-sensing related constraint (2.22c). The maximization objective (2.22a) aims to maximize the sum
of absolute values, which is a convex function, resulting in a non-convex optimization problem. On the
other hand, the constraint in (2.22c) involves the sum of convex quadratic terms, but since the
inequality is in the form of a lower bound, it represents the complement of a convex set. As a result,
this constraint describes a non-convex region.

An effective approach to addressing the previously nonconvex problem is to leverage a MM
framework. This method allows us to generate a sequence of simpler, convex subproblems that are
easier to solve, ultimately leading to an approximate solution for the original non-convex problem.
The considered surrogate function is represented as the first-order Taylor polynomial of (2.22a). The
lower bound surrogate optimization problem can be recast as follows

(Wi = arg max 20 (z Vet Pl (W1 Wm,k> (2.232)
{(Wm i3k k ' '
st YelOmicl” [ Fmiel” < B Vm (2.23b)

1 ~
TINE iR(Zk Xn O'm,nynfsm,ka%,kwm,k + Yiem 2k 2n Gi,nYnBi,k) = (2.23¢)

R1/2

where the operator VlemkPDS,k denotes the gradient of (2.19) with respect to Wy, , formally

~ 24 2 ~ * 3
Vi FPosk = |8 c| Do B W + Z o 1 O i P (2.24)

i+m

(2.23) serves as a simplified and convex approximation of (2.22). To handle the non-convexity of
constraint (2.22c), it was replaced by (2.23c). This new constraint is convex but it is more restrictive
since the set defined by this constraint is a subset of (2.22c). The optimal value of the original problem
is less than or equal to the value of the new problem, while the solution satisfies the original
constraints. The optimization problem (2.23) is now convex and can be efficiently solved using convex
optimization solver tools such as CVX [12].

2.3.5 Precoder Optimization at the CU

The values of the local equivalent communication and radio-sensing channels, z,,xand gm, along with

2
the power of the precoder vectors defined as wy, = ||v’\7m,k , are transmitted to the CU by the M
AP. With this information, the CU computes the weights 6« that solve (2.18). Hence, (2.18) can be
recast at the CU as

2

max Z z&nkzmk (2.25a)
{6m,k}m,k ’ ’
k m
s.t. Yk wm,k|6m,k|2 <P, Vm (2.25b)
2 ~
Zm Zn Zk 03n,n|Yn8m,kgm,k| = A' (2'25(:)
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Notice that the (2.25) is similar to (2.22). Hence, the lower-bound surrogate optimization problem
can be reformulated as follows

{S(tk}mk = arg r?ax 2R <z z Vo PO K 5(t;¢1)) 5m,k> (2.26a)
mk mk
st Y Wmk|Omu| < Pn vm (2.26b)
1 ~
Wm(zm n 2k O-m,nYnSm,kgm,k) > A2, (2.26¢)

where V(gmkaS'k represents the gradient of (2.19) with respect to dmk, formally

~ 2 .
VsmiPosk = Smc|Zmic|” + Zme Z 8ik Zik- (2.27)

i=m

The optimization problem (2.26) is convex and can be efficiently solved using for example the convex
optimization library CVX [12].

2.4 Results

This section demonstrates the effectiveness of the proposed two-stage distributed beamforming
algorithm (TsDBA). Additionally, the TsDBA is compared to the centralized beamforming solution of
(2.18). In the centralized solution, the beamforming design is entirely performed at the CU.

The following results were obtained for a scenario with M = 4 AP, N = 2 APy, and K = 2 UEs. The
angles of the target relative to the M APare :=-15°, 6,=35°,03=5°, and 84=40". Similarly, the
angles from AP are ¢p1= 10" and ¢p,=-20". The APwand AP are equipped with ULAs, holding Ny =
32 and N = 32 antenna elements, respectively, spaced by A/2. The communication channel is

modeled according to (2.4), with the number of paths set to 10. In addition, 1/1,8,?,( is assumed to follow

a uniform distribution over the range [-1/2,m/2], while a( ) « follows a complex Gaussian distribution
with a mean of zero and unit variance. Regarding the sSNR, the noise variance at the APys is set to 0,2
= =20 dB. In addition, the APs are assumed to know the AoA (i.e., ¢, : ¥n). A maximum ratio
combining (MRC) equalizer is employed at the AP.s primarily for its simplicity; while other selections
could be made, the MRC is chosen for its straightforward implementation.

For simplicity, we assume that the variance of @, ,:Vm,n is G?n,n = —10 dB. Finally, the power
budget of the distributed beamforming matrices is set to P, = 1 Vm. We start by analyzing the
convergence of the proposed algorithm, which is illustrated in Figure 2.4 by plotting the mean sum
SINR as a function of the number of iterations, with Nieer= 10 and A € {30, 40} dB. The results represent
the mean over 100 random realizations of the communication channels wp,x Vm, k.

Figure 2.4 shows that the algorithm converges rapidly within the first few iterations, reporting higher
sum SINR for the less stringent radio-sensing constraint A = 30dB compared to A = 40 dB, which
reflects the trade-off between radio-sensing and communication SINR performance. Notably, after
just 3 iterations, the algorithm achieves approximately 99% of the maximum value for A =30 dB and
around 98% for A = 40 dB, indicating that a small number of iterations is sufficient to reach the
maximum performance. Thus, 3 iterations is an appropriate choice to balance computational
complexity and convergence accuracy.

Figure 2.5 shows the trade-off between the mean of the sum of the SINR and the sSNR constraint A.
The sum of the SINR is calculated for A values ranging from 30 to 44 dB. For the TsDBA, we have set
Niter = 3, as this was shown to be an appropriate choice.
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Figure 2.4: Convergence of TsDBA under radio-sensing constraints for A € {30,40} dB.
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Figure 2.5: The trade-off between the sSNR constraint value A and the sum of the SINR, for CF-JCAS scenario with M =4, N =

2,and K=2.

The results presented in Figure 2.5 indicate that the proposed TsDBA solution demonstrates a
performance close to the centralized solution. Also, both solutions exhibit a decreasing trend in mean
sum SINR as A increases. This trend highlights a trade-off between the radio-sensing constraints and
the achievable sum SINR. Although the centralized solution slightly outperforms the TsDBA across A
values, the TsDBA significantly reduces fronthaul load requirements.

Figure 2.6 compares the fronthaul load required for beamforming design between the centralized and
TsDBA solutions as a function of Nw. The results were obtained using Nier= 3, with M € {4,16} AP«

and K € {2,8} UEs.
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Figure 2.6: Fronthaul load comparison for beamforming design between the TsDBA and centralized solutions.

From Figure 2.6, it can be noticed that the fronthaul load of the centralized solution increases with
Ny, leading to significant data transmission demands between the APws and the CU. In contrast, the
TsDBA demonstrates a flat curve, indicating that the fronthaul load remains constant, regardless of
Niw. This difference arises because, in the TsDBA, the APws transmit equivalent communication and
radio-sensing channels to the CU, rather than the full CSI required by the centralized solution.

2.5 Future Work

In this section, we propose a two-stage distributed beamforming algorithm for cell-free JCAS systems.
The approach enables coherent joint sensing and communication across distributed APs, while
satisfying per-node power constraints and ensuring minimum sensing SNR at the target. In our future
work, we will address practical system limitations not covered in this study. In particular, we will
investigate the effects of imperfect CSI and synchronization on the performance of distributed
beamforming, as such impairments are likely in real deployments and can degrade both sensing and
communication accuracy. Moreover, we plan to extend the proposed design to support 3D imaging
capabilities, which require accurate beam steering in both azimuth and elevation domains. This
extension is essential for applications such as UAV monitoring and volumetric sensing in complex
environments.

Page 26 of 76



6G-MUSICAL, Horizon No. 101139176 Deliverable D4.3

3  Multistatic Sensing for JCAS
3.1 Motivation

JCAS has emerged as a technology to enable several applications envisioned for 6G and beyond
[48],[49]. To exploit the wireless communication infrastructure for sensing, separate transmitter and
receiver nodes not only avoid issues in full-duplex operation but also improve detection accuracy and
extend the coverage area [50],[51]. Figure 3.1 shows a schematic example of a multistatic sensing
scenario where nodes AP1-AP3 are transmitters for communication/sensing waveforms and nodes
AP4-AP5 are dedicated as sensing receivers.

Benefits associated with the multistatic sensing can be fully utilized if the stringent requirement of
common referencing is maintained. Common referencing includes synchronization in time, frequency,
and common coordinate system. Synchronization in time and frequency guarantees the range and
Doppler shift estimates consistency with the physical round trip distances and velocities of the targets,
whereas accurate knowledge of node positioning and orientation are important to preserve spatial
coherence of sensing results [52]. Some of the use cases where precise common referencing is an
essential requirement are:

1) AGVs navigation in warehouses and production facilities,
2) Gesture recognition in smart homes,

Traffic monitoring in smart cities which are also included in deliverable D2.1 of 6G-MUSICAL.

7i(‘AS Scenarijo
Iultlstatlc Sensmg

G

Reflection

Reflection

- Connected /4 —
% Target =

/\

Figure 3.1: Multistatic Sensing Scenario in JCAS.

While node orientation and location can be recorded at the time of installation, time-frequency
synchronisation remains a challenge.

A simple approach to provide synchronisation for time and frequency is through cable/front haul
[53],[54] from a central processing unit, as shown depicted in Figure 3.1. For receiver nodes where
fronthaul referencing is not possible due to large separation or in case of disruption of the front haul,
wireless synchronization [55],[56] is the alternative approach to sever the referencing issue with
limited accuracy yet effective for sensing application which do not require high degree of accuracy
and resolution such as intruder detection in a prohibitive premises or around the railway track, or the
fall incidence of the an elderly person at home, are few examples which are also listed in deliverable
D2.1 of the 6G-MUSICAL.

In the following subsections, different aspects of signal processing algorithms associated with
multistatic sensing, considering OFDM as a reference baseband waveform and beamforming at the
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Doppler, AoA, translation of the results into global Cartesian coordinates, and impact of time-
synchronization is highlighted.

3.2 System Model

In a multistatic sensing scenario involving a transmitter Tx and L receiving nodes Rx; where i € [1,1],
we consider a bistatic pair with transmitter located at pry = (X1 Y1x Z1%)" and i-th receiver located

T . L .
at pry; = (xin'Yin:Zin) . The antenna array orientation is defined by @1, = (01, @157 for the
. T , .
transmitter and ®g,, = (ein,q)in) for the i-th receiver. We denote M and N as the number of
antenna elements at the transmitter and receiver nodes respectively. Bistatic distance of a target

located at point p, = (xq,yq, Zq)T is defined as,
dq(xqr:Vq'Zq) = |lprx — pq” + ”pq - pri” 3.1
T
The AoA and AoD, associated with point g in 3-D, are denoted by q’in_q = (GRXi,q,waiq) and

T .
Pryg = (eTx,qKPTx,q) , respectively.

If s;,(t) represents the baseband signal, transmitted by the m-th antenna, which propagates through
a radio channel consisting of Q number of distinct targets (modeled as point targets), then the
received signal at the n-th antenna of node Rx; can be expressed as,

Q
Yam(®) = ) tham(Pryq)bn (Prey, ) Smlt = Th) + €h(6) (3.2)
q=1
here 7§ = (d —vit)/co is the propagation delay (c, , being the speed of light in free space),
am(Prxq) is the Tx steering vector component, by, (®ry, ) is the Rx; steering vector component
[57], vé denotes the radial component of the speed of the g-th target with respect to the receiver
node Rx;, and €;,(t) represents AWGN. aj is the complex amplitude related to the g-th target.

Considering s, (t) an OFDM waveform with OFDM symbol duration is T, the subcarrier spacing Af =
% .If V" denotes the number of subcarriers, T, for CP interval, Ty = T, + T the effective duration of
the OFDM symbol, and M as the total number of transmitted OFDM symbols, the transmitted OFDM

waveform can be represented as [58],
M-1N-1

) . t — uT. .
Sm(t) = Z Z S(UV + u)e(JZnuAf(t—uTs))e(-JZﬂuAchp)rect( T“ S) eJ2mfet (3.4)

N

u=0 u=0
where S(UNV + u) is the data symbol which modulates the u-th subcarrier of the p-th OFDM symbol.

rect(t) in (4) is the rectangular pulse shape and the term e(~J2muafTep) adjusts the initial phase of the
subcarrier caused by the cyclic extension. Using (4) in (2), received signal takes the form

Q M-1N-1
Vhm() = afy @ (Pry,q ) b (Pr, )S(uN+u)e(12””Af(t Th-nTy—Tep))
e(jznfC(t_T%))rect (—t _ T;,_ MT5> + €k (0). (3.5)

After down-conversion the baseband equivalent of (5) is,

Q M-1N-1

Vim(t) = Z z Z Ly (Pry g )bu(Proeyq) SUN + u)e(ﬂnuAf(t Th—NT~Tep))
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; i t —tl — uT. ;
le(JZTEfc(tvq/CO))reCt <%> + éL(t), (3.6)

S
where o?cil = aée(_jznfcd‘ii) and €L (t) = ek (t)eI2mfet) Finally, the signal Vn",m(t) is sampled and,
after removal of the CP, converted into the frequency domain by using a discrete Fourier transform
(DFT) typically implemented by a fast Fourier transform (FFT),

Q
AUV + 1) = )" @ (P )bn (Pry) SEN +u)eU2mre)
q=1

pliznse(tvl/(conty)) ZE UV + 1), (3.7)

where Ail_m(u]\f + u ) is the received data symbol (affected by the channel and AWGN) at the u-th
subcarrier of the p-th OFDM symbol at the n-th receiving antenna, and Z} (uN" + u) is the frequency
domain equivalent of &L (¢).

2-D FFT-Based Sensing

For sensing, the received signal Aihm(u]\f + u) is divided by the transmitted data symbols S(UN + u)
and applying the inverse fast Fourier transform (IFFT) operation (along subcarriers) results in peaks
corresponding to the delay rg,

Q
Hm(10) = ) @ham(Pryq)bn(Preyq)
q=1
N-1
% Z e(jZnuAf‘ré) e U2muK/N)
u=0
_e(jZch(tVé/(CoMTs)) + Z"TLL(K)’ (3.8)

Where k = (0, ..., ' — 1) defines the range grid in the RD map, and Z% (k) represents the noise part.
Afterwards, an FFT operation is applied along the slow-time (index p) to the Doppler estimate,

M-1
P (16,20 = ) () T2/ U2/ ) (3.9)
u=0

where n = (0, ..., M — 1) defines the Doppler grid in RD map.

The IFFT/FFT operations, for range and speed detection, provide processing gain G = M\ due to
coherent addition of signals.

Subsequently, after combining across antenna dimensions yields

M N
pL(1,,00,8,) = > D im0, (1 0Win (@) ()

m=1n=1
Q
=) @l (0¥ (6))
q=1
-1N-1 ' om ] i o
. z Z (e’zm‘AfTbe]WuK) (e]mfctcowse_ﬂ“ﬁ”> + €(k,04,0,) (3.10)
u=0 u=0

with
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M

Xq(et) = Z am(cDTx,q)Wm(Ot)

m=1

N
¥y ©,) = Z bn(d)in,q)vn(Or)
n=1

where O, and 0, are taken from a set of values that cover the scanning range of AoD and AoA,
respectively. In the case of beamforming, the filters w,,(0,) and v,(0,) are chosen as the complex
conjugate of the steering vectors am(GDTX,q) and b, (CDin,q), respectively.

(3.11)

s by

=
(O1a, d7Ta)
(@Tg YTz 2Tg)

(ORz; » ORz;)
M OFDM
symbols

(*Rz;» YRz, *Ra;)
k3 1 1
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Figure 3.2: Schematic illustration of bistatic sensing signal processing using OFDM waveform and beamforming.

Finally, detection is performed based on the results pi(K,M, 0, 0,), under a predefined threshold
value

Ip'(x,%, 0, 0,) ]2 = ! (3.12)
where the threshold value Yy is set against the probability of false alarm detection. The set
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(K}, M}, @it,]-, @im-) is represents the j-th detected target at the i-th receiver node Rx;.

Figure 3.2 summarises the above explained signal processing involved in range, Doppler, and AoA
estimation in a bistatic sensing where transmitting signal is reflected from three point-targets to a
receiver node. In this illustration, N;., and N,., represent number of rows (y-axis) and number of
columns (x-axis) in antenna array at the receiver side.

3.3 Target Localisation in 3D Space

Estimates (range, Doppler, angle) are not sufficient to locate the target in 3D-space with reference to
global coordinates. Converting the spherical coordinates to cartesian coordinates is simple and to
make the results especially consistent at different nodes, location coordinates of the receiver nodes
and orientation of the receiver antenna array is essential to make necessary transformation. In the
following subsections we describe this transformation in bistatic configuration compared to
monostatic case.

3.3.1 Monostatic Case

In a monostatic case the conversion of the estimated range and angle estimates into global
coordinates is

Target ) ) )
AoA from node- Estimation of the round trip delay At
reference  orienta- (zr,yr, zr) is used to calculate the range R
tion Ve

(6T, é1) —c
Node 2QR=cx At —» R=cxAt/2
orientation

and location Round trip delay A Using antenna array processing for angle estimation

i, Yi» %) provides (07, ¢r) as the AoA estimate from node ref-
(03, b4) erence.
‘4 Spherical to Cartesi
Tx/Rx - pherical to Cartesian
©0,0,00 | (R, 0: + 01, ¢i + 1) |_> conversion
Global reference
Estimated location +
(global reference) | (0, Yo, 20) |

T = T; + To

yr = Yi + Yo

2y =z + 2

Figure 3.3: Conversion of local polar coordinates into global Cartesian coordinates in monostatic sensing.

simple as explained in the Figure 3.3 where AoA, antenna orientation, estimated range and location
of the receiver node is used to get the estimated global coordinates (xr, yr, zr) of the detected
target.

3.3.2 Bistatic Case

Let Q; represents the number of detected targets at the i-th receiving node Rx;. The polar coordinates
of the j-th detected target at the i-th receiving node Rx; are denoted as Yy, j = (I‘in,j; @in,j, (TDin,j)'
with

TRx;j = Cokj(T/NV). (3.13)

As depicted Figure 3.4 gy, ; does not represent the actual range R;; of the target, instead, it includes
an excess part AR;; , which depends on the geometry of the bistatic pair and must be subtracted from
I'ry; j- In case of a monostatic setup, rry ; is simply twice the actual range R;; which can be calculated
directly as explained in Figure 3.3.
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Figure 3.4: Relation of actual range of the target with bistatic geometry.

Using the transmitter position pty, the receiver position pgy, and the polar coordinates Yj; , the
excess range AR;; can be determined using the following relation (a derivation for 2-D case is provided
in [59], which we extend to the 3-D case here),

2 ~
ARi,j = {(ATL]) + (Axi)z + (Ayl)z + (AZL')Z + ZATL"]'(AXL'COS(BRXL. - ein,j)

.sin(dry, — Pry, ) + AYiSin(Ory; — Ory, j)c0S(Pry; — Pry,j)
1/2

+Az;5in(Pry; — Prayj)} (3.14)
where
a7, = (rRey)” = @) = (Ayp)? — (Az)? (315)
) <{ TRy T 4% cos(ein — Bra,j) COS(QDRx,- ) >
+4y; sin(ein - ein,j) COS(‘Pin - q)Rx,-,j) + Az sin(prxi - (Pin,j)
and
Ax; = Xpy; — X7x
AYi = Yrx; — Y7x
Azi = Zpy, — Zrx (3.16)
Once AR, jis determined, the actual range of the j-th target is as
Rij = Try,j — ARy (3.17)

To convert the local polar coordinates at receiver node Rx; into the global Cartesian coordinate

T
(xi,j,yi,j, Zi,j) the knowledge of the location and orientation of the receiver node is used as follows.
First, use the orientation of the receiver node Rx; and convert the polar coordinates (Ri,j, 9Rxl,j +

-~ T o a s \T . :
Orx; Pry;j — ¢in) into Cartesian coordinates (xl-,j,yirj,zi,j) , and then using the location of the
receiver mode to get the target position in global coordinates as p; ; as
N ~ R T
Pij = (Rij + Xryp 9ij + Yrap 20 + Zr;) (3.18)
3.3.3 Impact of Time-offset

Any Time-offset (TO) between the Tx and Rx; will affect rg,, ; without altering the AoA estimates.
Since 7y, j cannot be less than the distance d’.. between the Tx and Rx;, we define k; ; as
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kij= dby +1re,; —ming(rey,;) J € [1,0Q;] (3.19)

and use k € [kl-,j, L] in place of rgy,; in (3.14), (3.15), and (3.17) which generates the possible
locations of targets due to TO error, where L is the range covered by the CP. In Figure 3.5, a set of four
targets (true target locations are shown in red crosses) is shown with possible TO error values. Time
offset in bistatic sensing not only displaces the results but also the shape of the detected cluster
changes i.e. in case of multistatic sensing for 3-D object identification, time offset error will cause
shape deformation (dependency on the geometry of the bistatic configuration has its role as well).

Locations of targets
when k£ =1

Figure 3.5: Impact of time synchronisation error in bistatic sensing.

3.4 Simulation Results

A multistatic sensing scenario with one transmitter and four receiver nodes, as shown in Figure 3.6
(a), are used for simulation purpose. An OFDM signal is generated using FFT size = 512, and sampling
frequency = 1GHz and the waveform is extended with a cyclic prefix (CP) length of 128 samples length
before transmission. At each receiver node, range-Doppler and AoA processing is performed using the
techniques described in system model. The receiver nodes are equipped with rectangular antenna
arrays (8x8) with half-wavelength spacing, and the transmitter with a ULA (1x8). Signal propagation is
modelled using a geometrical channel approach, which accounts for the locations of the nodes and
point targets. Key simulation parameters are listed in Table 3.1.

In Figure 3.6 (a) a single target located at the centre of the black circle is detected using the four
receiver nodes (Rx1-Rx4) which can be distinguished by different colours and their sensing results in
matched-coloured dots. Figure 3.6 (b) shows the range, angle estimates of the target at different
receiver nodes, enclosed in matched-colour rectangular boxes. The red dot (3-D location estimation
of the target from Rx1) shows a larger deviation from the true location, which is caused by the
geometry of the Tx and Rx1 (Tx-target-Rx1 are close to a line path).

Table 3.1: Simulation Parameters

Parameter Value Parameter Value
Sampling frequency F 1 GHz Bandwidth 586 MHz
Carrier frequency fC 6 GHz Digital mapping 16 QAM
Active sub-carriers 300 No. of OFDM symbols 16

FFT size 512 Range resolution 0.256m
Subcarrier spacing Af 1.953 MHz | Monostatic range (within CP) | 16.38 m
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Figure 3.6: Multistatic sensing scenario with a single target detected by four receiver nodes.
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Figure 3.7: Multistatic sensing for targets arranged in a line in 3-D space.

Figure 3.7 is another simulation result of a multistatic sensing scenario where a set of four point-
targets are considered in a line. In this configuration, the Tx node is capable of monostatic sensing. On
the left part of the figure, range angle maps are shown for the respective nodes. It can be observed
that the number of detected targets is different at different nodes due to the bistatic geometry and
highlights the benefit of multistatic sensing via spatial diversity.

Finally, we see the impact of the synchronization error on the multistatic sensing results. Figure 3.8
shows the same multistatic sensing as shown in Figure 3.7 but with asynchronous Tx and Rx nodes, in
part (a) the time offset is 10 ns and we can see that the sensing result deteriorate differently based
on Tx-target-Rx geometry. Apart from the monostatic nodel (Tx/Rx) the results do not resemble a line
shape, whereas in monostatic case the results are only displaced in space by a distance equivalent to
the associated delay induce by 10 ns TO. Whereas in part (b) of the figure, TO is 1ns and the results
are improved considerably other than the red receiver node (poor bistatic pair).
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Figure 3.8:Time synchronisation and its impact on the shape of the detected cluster.
In Figure 3.9 we used several TO for each node and each set of coloured-dots connected with coloured-

line is a set of sensing results from that node (matched in colour). There are few TO values where the
results resemble to a line, which can lead to identify the shape of a cluster in multistatic sensing.

z-axis, m

-2
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Figure 3.9: Several possible time offsets at different nodes in a multistatic sensing scenario for a line of targets.

3.5 Future Work

In future, the multistatic sensing algorithms will take into consideration the impact of carrier
frequency offset (frequency synchronisation) and hardware non-idealities (phase noise, and power
amplifier) for sensing moving targets, connected/unconnected targets, and for object identification
scenarios.
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4 JCAS Baseband Algorithms and Secure Sensing Enablers
4.1 Motivation

The JCAS baseband algorithms are the underlying additional processes at each traditional
communication station to ensure the performance of the centralized sensing algorithm. The
traditional communication baseband processing is optimized for both communication performance
and footprint [63]. Footprint optimization always leads to reduced intermediate signal resolution [64],
which is not ideal for high accuracy sensing applications. Un-authorized sensing [65], such as pure
passive signal collection, brings privacy leakage concerns now a days.

The motivation of JCAS baseband algorithms is to offer extra signal resolution and secure sensing
mechanism on top of the traditional communication baseband to support upper layer sensing task.
More specifically, the secure sensing mechanism is realized via CSI fuzzing algorithm at the transmitter
and defuzzing algorithm at receiver.

The algorithms are designed, simulated and finally tested on a real opensource Software Defined
Radio baseband experiment platform: OpenWiFi[45][46]. The platform has implemented the full stack
802.11 standard and behaved just like other Commercial Off The Shelf Wi-Fi chip. It offers a typical
and traditional communication baseband implementation, which is an ideal starting point for JCAS
bandband algorithms design and verification. More specifically, in 6G-MUSICAL project, the platform,
that integrates baseband algorithms, works as underlying sensing data collection tool to support the
centralized multistatic sensing algorithms for the use case:

1) Indoor localisation of AGVs in warehouses and production facilities;
2) Intruder detection on secure areas; defined in deliverable D2.1.

The platform will also be used in the proof of concept (PoC) of 6G-MUSICAL project to showcase some
of the use cases.

4.2 System Model

Figure 4.1 shows the baseband model of a sensing station. The sensing related algorithms are shown
in red. The normal communication blocks are in blue: physical layer (PHY) (OFDM Tx/Rx), LMAC (Low
medium access control (MAC) layer) in the FPGA or application-specific integrated circuit (ASIC), upper
MAC (UMAC) layer, and network protocol in the CU. To ensure the sensing performance, the trigger
module together with the related algorithms and sensing buffer are added in the FPGA to capture the
received signal with high/raw resolution. The high-resolution floating-point processing algorithms,
such as time-frequency synchronisation, FFT, and smoothing, are allocated to CU to generate high-
quality CSI. The CSI fuzzing and defuzzing algorithms offer the secure sensing capability.

Csl
Fuzzer

cem I

Trigger algorithm
for sensing FPGA/ASIC

OFDM PHY Rx
Limited CSI resolution; Startsto
Optimized for PER and footprint B Sensing buffer
LTF addr (high Res.)
3
CPU

> High Res. Processing for

CSl; de-fuzzing

|
Centralized processing Station i o
for multi-static sensing 9—("'3“""‘} Station
Station k

Figure 4.1 The baseband model supporting high-resolution sensing for JCAS.
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4.3 JCAS Architecture to Support High-Resolution Sensing

The basic principle of sensing is utilising the channel response while a radio signal propagates in the
environment to localise/image the object in the environment. In the conventional communication
system, the receiving station estimates the channel response, which is required for equalization and
decoding, based on the pre-known pilot signal transmitted by the sending station. So, in principle, the
channel estimation result, also known as CSI, inside the receiver can be used for sensing.

However, the channel estimation results in the conventional communication receiver is not the
perfect candidate for sensing task. The reasons are lying in two: low resolution and distortion.

e The communication receiver is heavily optimized for power consumption and footprint: the
integer number is used instead of floating-point number to lower the power consumption and
latency; bitwidth of the signal processing algorithms is set as less as possible while maintaining
a certain packet error rate (PER). So, the resolution of the channel estimation result is limited.

e Extra processing, such as DFT [42] and singular value decomposition (SVD) [43], is used after
the least square (LS) channel estimation to lower the mean squared error (MSE) further.
However, these extra processing sacrifices the multi-path details, such as discarding the path
with smaller energy. Furthermore, the minimum mean squared error (MMSE) estimator
involves distortion on purpose: shrink the LS result towards zero when noise is present.

So, in the Figure 4.1, an improved baseband processing architecture for JCAS is designed. The received
raw signal (without resolution decreasing and processing distortion) is captured into an FPGA buffer
under certain trigger conditions. A CU then reads the buffer and performs high-resolution floating-
point processing to generate high-quality CSI for sensing. Furthermore, an extra configurable digital
finite impulse filter (FIR), called CSI fuzzer, is placed in the Tx digital in-phase and quadrature (1Q) path
to import artificial CSI for secure sensing. Accordingly, the CSI de-fuzzer algorithm block is used to
remove the artificial CSl, getting the actual environment channel response.

4.3.1 Trigger Algorithm

Because the CSl is calculated based on the pre-known training sequence or pilot in the incoming signal,
the sensing functionality in the receiver needs to identify this pre-known signal as the 1° step.
Searching this part of signal by sliding correlation is not suitable for the monostatic/multi-static
sensing, because this method only identifies the 1%t sample of the signal inside the receiver without
knowing the propagation delay from the transmitter to the receiver.

So, the signal capturing function inside the receiver should be based on the blind search, instead, it
should be triggered by the Tx event. In the case of a monostatic case, this Tx event is from the same
baseband. In the case of multi-static, this Tx event is from another Tx station via the network or the
over-the-air synchronization mechanism. Figure 4.2 shows this principle.

Page 37 of 76



6G-MUSICAL, Horizon No. 101139176 Deliverable D4.3

. Training

1Start

sequence

1
capture ..
! sequence
1
1
|Start :
'capture 1 -
Rx Station 1 :p;> : Training
I

»Time

Tx Event at ’le time
Tx Station of training seq.

Figure 4.2: The relationship between Tx event and capturing start at different stations.

In this section, we assume that the receiver already synchronizes with Tx station either by a high
precision fiber back haul or over-the-air synchronization method and can get Tx event correctly. The
Tx event could be initiated by a central scheduler or the Tx station.

The Tx event only decides when to start capturing, then the next task of the trigger algorithm is to
decide when to stop the capturing to save memory size and FPGA-CU traffic. In case of Wi-Fi/802.11,
the stop criteria can be that the packet’s target MAC address matches the station’s own MAC address
and the source MAC address matches the Tx station’s MAC address. Because when the communication
receiver output the parsed target and source MAC address, it implies that the training sequence has
been received. After capturing is stopped, the trigger algorithm also needs to tell CU the correct
starting memory address (indicating the Tx time) of the training sequence. This is non-trivial for Wi-
Fi/802.11 system, because the packet format could be changed per transmission due to the backward
compatibility requirement of the 802.11 standard. For instance, the control and management packet
mostly are sent via Non-HT format (802.11a/g), the data packets could be sent via format of high
throughput (HT) (Wi-Fi4, 802.11n), very high throughput (VHT) (Wi-Fi5, 802.11ac), high efficiency (HE)
(Wi-Fi6, 802.11ax) or extremely high throughput (EHT) (Wi-Fi7, 802.11be). The long training frame
(LTF), which is used for channel estimation, is located in different parts of the packets for different
formats. Figure 4.3 shows the examples of LTF location in case of non-HT, HT, HE_single-user (SU),
HE_enhanced recovery (ER), HE_trigger-based (TB), and HE_MU physical layer protocol data unit
(PPDU).
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Figure 4.3: location of LTF in different generations of the 802.11 standard.
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Considering all the above situations, the trigger algorithm is described in the following pseudo-code.

Trigger algorithm (Tx_Event):
If Tx_Event received:

Memory_address <- 0

While loop (True):

Sensing_buffer(Memory_address) <- 1Q sample

Memory_address <- Memory_address + 1

If target_mac_addr == self _mac_addr && source_mac_addr == tx_station_mac_addr

Break the while loop

If PPDU_format == non-HT
LTF_address <- 160

Else if PPDU_format == HT
LTF_address <- 640

Else if PPDU_format == HE_SU
LTF_address <- 720

Send LTF_address to central processing unit (CPU)
Else:

Idle

The LTF_address is in the number of IQ sample are example in case of 20Mhz bandwidth of Wi-
Fi/802.11 system. In this example, the baseband sampling rate is also 20Msps. The number 160, 640
and 720 are in accordance with the 8us, 32us and 36us before the LTF of Non-HT, HT and HE_SU PPDU
in the Figure 4.3. While using higher sampling rate and bandwidth, the number of 1Q sample needs to
be re-calculated accordingly. For example, with sampling rate 320Msps, there will be 2560, 10240 and
11520 samples before the LTF of Non-HT, HT and HE_SU PPDU.

4.3.2 Processing Algorithm for CSI

After CU get the IQ sample of LTF from the FPGA sensing buffer according to the memory address of
the LTF signal in fixed point format, the 1% step is to convert the fixed point to double precision floating
point ensuring the numerical resolution in the following processing steps.

Taking 802.11 non-HT 20MHz mode as an example, the LTF signal is composed by one CP (32 samples)
and two identical OFDM symbols (64 samples each). In the frequency domain, there are 52 effective
subcarriers with spacing 312.5kHz, 1 DC subcarrier with value 0, and 11 guard subcarriers with value
0. The 52 effective subcarriers are modulated by binary phase shift keying (BPSK) via a pre-known
sequence with element +1 and -1.

FFT operation of the LTF OFDM symbol is shown in the following equation.
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95+i*64
—j2mk(n—32—-ix64)/64 (4_1)

St Z Sp*e
n=32+ix64

Where s,,n = 0,1, ...,159 is the received LTF |Q sequence; S,‘; is the kth subcarrier of the ith LTF
OFDM symbol FFT result; i = 0,1 indicating the 1% or the 2" LTF OFDM symbol; k = 0,1, ...,63
indexing the subcarrier in frequency domain (including null subcarriers).

To fully leveraging the received signal energy of two OFDM symbols, averaging is performed after the
two FFTs as shown in the following equation.

Sk =(SP+SH/2 (4.2)

This is the CSI that will be sent to the central processing for the sensing task, localizing, imaging, etc.

The time and frequency synchronization error is not considered in this section, because it is assumed
that the high accuracy synchronization has been achieved via backhaul or other over-the-air
mechanisms/algorithms. This is a valid assumption according to the discussion for Multi-AP joint
transmission in the Wi-Fi8 (802.11bn) standardization and beyond: in the [44], 22Hz residual
synchronization is shown realistic, which means that the timing and frequency error are negligible
considering that the LTF signal duration is only 8us, during which the already synchronized phase and
timing will be kept static.

4.3.3 CSI Fuzzing Algorithm

Since that the CSI fuzzer is place inside the FPGA, its design involves fixed point format instead of
floating point and considerations of footprint and complexity.

The algorithm is depicted in Figure 4.4 and equation (4.3) with these parameters:

e Architecture: FIR

e The FIR coefficient vector: [1,0, c1, c2], which will convolute with the Tx 1Q sample.
CSl Fuzzer

OFDM PHY Tx Q . T

Figure 4.4: The FIR for CSl fuzzer.

Vi=x;+cl*x;_5+c2*x;_5 (4.3)

The c1, c2 decide the fuzzing pattern and need to be set into the FPGA via a register and also
distributed to the authorized receiver that performs defuzzing. To limit the bit width of the FPGA
register and payload length of the fuzzing pattern distribution, we have designed a single 16bit integer,
so called fuzzing pattern config, to generate the c1, c2. The config composition is shown in Table 4.1,
and the final c1, c2 values are shown in (4.4).
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Table 4.1: The 16-bit Fuzzing Pattern Config

Bit range Bit15 Bit14 to 8 Bit7 Bit6 to O
Variable name c2_rot90_en c2_raw c1_rot90_en cl_raw
Format Binary Signed integer Binary Signed integer
Range 0,1 -64 to 63 0,1 -64 to 63

if c1_rot90_en =0

_( c1l.raw/128,
c1= { if c1_rot90_en =1 (4.4)

j*cl raw/128,

c2 is calculated in the same way as c1.

With this generation algorithm, there will be 65536 configurations in total, i.e., in principle there are
65536 artificial channel impulse responses (CIRs) that can be chosen. But from wireless
communication performance point of view, not all artificial CIRs are good. For instance, if some CIRs
cause deep fading on some subcarriers, it might degrade the PER performance of the communication
link. Please find the detailed analysis on this in the section of results.

4.3.4 CSI Defuzzing Algorithm

When CSl fuzzer is ON at the Tx station, the CU at the Rx station needs to perform defuzzing algorithm
upon the CSI Si, k = 0~63, before sending it to the centralized sensing algorithm. Otherwise, the CSI
contains not only the environment channel but also the artificial channel decided by the fuzzing
pattern config.

The defuzzing operation can be described as following equation.
SE =Dy %S, k=0~63 (4.5)

Dy, is the defuzzing coefficients, that can be calculated by FFT of the CSI fuzzer FIR coefficients as
following equation.

s 1, ifn=0
—j ¢, ifn=2
Dk =1/DI/(' DI,( = Z)dn*e ]27tkn/64' dn= C; ifn:3 (46)
n:

0, otherwise

4.4 Results

4.4.1 High Resolution Sensing

Section 4.3.1to 4.3.2 described the actual algorithms that construct JCAS station suitable for high
resolution sensing. The algorithms have been implemented based on the OpenWiFi full-stack open-
source 802.11 software defined radio (SDR) platform[45][46], and shown high precision sensing
capabilities in [47].

The test platform is composed by Xilinx Zedboard containing zc7z020 FPGA, Analog Devices AD-
FMCOMMS2-EBZ FMC RF board containing AD9361 chip, and 3 dual-band directional panel antennas
(model: APA-M25 from ALFA Network Inc) for 1 Tx and 2 Rx channels.
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The algorithm is tested under monostatic radar mode based on the 802.11a/g standard to detect
human breath (non emitting target) and track the AoA of another Wi-Fi station (emitting target). The
monostatic Wi-Fi radar station setup is shown in Figure 4.5, and the system parameters are listed in

Table 4.2.
Figure 4.5: The monostatic Wi-Fi radar setup and antenna topology.
Table 4.2: Monostatic Wi-Fi radar system parameters.
Parameter value Parameter value
) 2472MHz (Channel 13) -12 dBm (2472MHz)
Frequencies Tx power

5200MHz (Channel 40)

-17 dBm (5200MHz)

Bandwidth 20MHz OFDM symbol samples 64
Sampling rate | 20Msps CP (Cyclic Prefix) samples 16
FFT size 64 LTF size 2 x OFDM symbols
Effectlvg 52 CP samples of LTF 32
subcarrier
; Vertical 45 degrees
Subc.arr|er 312.5kHz Antenna beamwidth
spacing Horizontal 60 degrees

Figure 4.6 shows the actual measurement of the phase difference between two CSls from two Rx
antennas. According to the test, the pattern shown clearly reflects human breathing. It can be telling
easily even the phase difference is as low as 0.15rad (peak-to-peak) between two antennas. 0.15rad
implies 1.37mm distance difference between the two Rx path caused by the chest displacement when
5200MHz (wavelength 57.7mm) is used.

This measurement result demonstrates that the sensing station baseband algorithm is valid.
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Figure 4.6: Measured the CSI phase difference between two Rx antennas when a human is breathing in front.

4.4.2 CSI Fuzzing And Defuzzing

As stated in the algorithm section, for OFDM system some CIR could cause deep fading on some
subcarriers, so that it might lead to poor PER performance. Here we give the statistics of all 65536 CSI
fuzzing pattern regarding the percentage of issue pattern that causes deep fading.

PVPR (Peak to Valley Power Radio) is defined as the ratio between the max power subcarrier and the
least power subcarrier in dB. It acts as a metric to evaluate how bad it is in terms of deep fading
subcarriers occurrence. To align with the parameters of the multi-static sensing algorithm, OFDM
symbol with 512 samples at 1Gsps sampling rate is considered, there are 300 active subcarriers among
512.

Figure 4.7 and Figure 4.8 shows the probability density function (PDF) (distribution) and cumulative
distribution function (CDF) of the probability of varying price rejections (PVPRs) of all 65536 artificial
CSI fuzzing pattern. Fortunately, the majority part of them is not too “flat” (very small PVPR) or too
“unflat” (has deep fading). Figure 4.9 shows 3 example artificial CSI fuzzing pattern with different
PVPR. By exhaust counting, the amount and percentage of PVPR region are shown in Table 4.3.

Table 4.3: Counting of PVPR of all 65536 artificial CSl fuzzing patterns.

PVPR 0~3dB 3~20dB >20dB
Amount 5448 58826 1262
Percentage 8.31% 89.76% (1.93%
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Figure 4.7: CSl fuzzing pattern PVPR distribution.
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Figure 4.8: Empirical CDF of all fuzzing pattern PVPR.
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Fuzzing pattern with different PVPR
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Figure 4.9: Example artificial CSI fuzzing pattern of different PVPR.

The proposed CSI fuzzing and de-fuzzing algorithms are implemented and tested on the previously
mentioned high-resolution OpenWiFi sensing platform with 802.11a/g 20MHz configuration.

Figure 4.10 shows the CSI output of the high resolution sensing baseband in a monostatic setup:
without CSI fuzzer (left); with CSI fuzzer ON and CSI de-fuzzer OFF (central); with CSI fuzzer ON and CSI
de-fuzzer ON (right). If comparing the plot on the left and right, we can tell that both phase and
amplitude are recovered perfectly by CSI fuzzing and de-fuzzing algorithms, because the Tx and Rx
chains are strictly synchronised in the same sensing station.

Figure 4.11 shows the CSI output of the high resolution sensing baseband in a bi-static setup: without
CSI fuzzer (left); with CSI fuzzer ON and CSI de-fuzzer OFF (central); with CSI fuzzer ON and CSI de-
fuzzer ON (right). If comparing the plot on the left and right, we can tell that only the amplitude is
recovered perfectly, but not the phase. Due to that, the Tx and Rx chains are in two different stations
in the bi-static setup, there will be an unknown phase offset, considering that the two stations are not
synchronised.
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Figure 4.10: CSI fuzzing and de-fuzzing algorithm verification in monostatic setup.
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Figure 4.11: CSl fuzzing and de-fuzzing algorithm verification in bi-static setup.

4.5 Future Work

In this chapter, the high-resolution sensing capabilities and secure sensing enablers (CSI fuzzing and
defuzzing) are designed and verified in the case of single-station operation mode (mono-static). This
forms a solid basis to move forward to the multi station operation (bi-static and multi-static). In the
case of bi-static and multi-static, the trigger mechanism needs to be upgraded to accept trigger events
from other stations, such as a central control station, so the trigger algorithm needs to consider the
synchronisation among stations. Furthermore, the algorithm of selecting CSI fuzzing pattern needs to
be designed after evaluating the impact brought by the fuzzing-defuzzing to the sensing performance.
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5 Ao0A and Doppler Frequency Estimation in Multi-static Sensing
Systems

5.1 Motivation and Objectives

In contemporary multi-antenna cellular networks, a multiple-transmission and reception-point (multi-
TRP) transceiver design facilitates high spectral efficiency and high quality of service for all usersin the
coverage area of the network. Multi-TRP networks also support multi-static sensing, since in multi-
TRP networks the geographically separate radio transmission and reception points are typically
deployed with high accuracy synchronization mechanisms.

Target localization can be achieved by using ToA, AoA, and Doppler frequency measured on the echoes
of signals reflected by the target. The information of AoA and the Doppler frequency itself has proven
to be an efficient approach for achieving this goal. As expected, the accuracy of the estimation of these
parameters has motivated recent works to devise new estimation methods that improve the
performance of existing methods, among which we refer to [13]-[15]. Regarding the accuracy of the
estimation process, an important and useful tool is the Cramér-Rao lower bound (CRLB) [16], which
provides a theoretical lower bound on the variance of any unbiased estimator. The CRLB serves as a
useful benchmark for assessing the performance of estimation methods and provides insights into
how a system behaves under various scenarios [17], [18]. Establishing these bounds give fundamental
insights and give guidance for developing practical algorithms for the positioning and localisation of
unconnected objects in a wide range of use cases, including intruder detection in secure areas,
identification of faults on roads, localizing unconnected or uncooperative UAVs, and localizing objects
on railways, as listed in use case category 6.2 Detection, positioning, localisation of unconnected
objects of deliverable D2.1.

Therefore, in this chapter, our objective is to study the problem of estimating the Doppler frequency
and the angle of arrival of a passive object. The input to this estimation problem is the received noisy
sensing signals at multiple time instances. At the same time, the output is the estimated angle of
arrival and Doppler frequency either at individual sensing nodes or at a centralised entity. In this rather
general setting of multi-TRP networks, we evaluate how the estimation performance is affected by
the system parameters, such as the number of receive access points and the available time samples.

Our objective is to derive the CRLB of the estimated parameters and study how the CRLB depends on
the number of time samples of the received echoes, and thereby to gain engineering insights into how
the number of deployed TRPs affects the performance when multi-TRP networks are used for sensing
purposes.

5.2 System Model

In this chapter, we consider a single moving target within the region delimited by a multi-TRP network
that operates as a multi-static sensing network. We assume a single transmitter access point (Tx AP),
containing a ULA with Mt elements that transmit deterministic (pilot) signals by steering beams
towards predefined directions within a specific azimuth range. We also assume K Ry APs, each
containing a ULA with Mg elements, that are supposed to receive the echoes of the transmitted pilots
reflected from the target. Furthermore, we assume that both the Tx and R« APs are uniformly
distributed within the border of a circle of radius L as described in Figure 1. Additionally, the APs are
connected to a CU, which manages the sensing and processing tasks (see Figure 5.1).
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Figure 5.1: lllutsrative example of the multi-TRP network comprising a single transmit AP (equipped with multiple transmit
antennas) and multiple receive APs (here L-1=3) and a single moving target (passive object).

The derivations in this chapter assume an underlying LoS detection algorithm that extract the LoS
component of the received multi-path signals between the target and the APs. It is also assumed that
the AP-to-AP interference is resolved on a prior stage in the absence of the target.

Specifically, the received signal is modelled as:

vi[n] = pp[n] + wln] € CMrx!

7

where:

pin] & ape I gm0 Tog (0, Var(4)"s[n]
Where a denotes path loss, f.denotes carrier frequency, Tsdenotes the sampling period, and a; and ar
are the receive and transmit steering vectors.

5.3 Preliminary Description of the Proposed Algorithm for AoA and Doppler Estimation

In this work, we focus on deriving the CRLBs for both the AoA and the Doppler frequency estimation.
The CRLBs are helpful for both bistatic (as a special case of multi-static) sensing and multi-static
sensing architectures, because they enable to compare their respective performance potentials. Note
that deriving the CRLBs and associated estimation algorithms are highly non-trivial as the multi-TRP
architecture equations are strongly dependent on the AoAs observed at each Ry AP concerning their
local coordinate system. A possible approach to obtain valid estimates in a global coordinate system
is to assume that the target is initially positioned at the center of the considered circular region, which
aligns with the assumption of a circular RCS. This approach, in turn, ensures that the bistatic path loss
and, consequently, the sensing SNR observed at each Rx AP are the same, yi[n] = y:[n].

5.4 Results

To obtain numerical results, we consider a multi-TRP multi-static sensing system, whose main
parameters are summarised in Table 5.1.To capture the radiation pattern of the Tx antenna array, we
assume the radiation pattern proposed in the 3GPP technical report TR 38.901, while the number of
receive APs is set to 1 (bistatic sensing) and 3, 5, 9 and 11 (multi-static sensing).
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Table 5.1: Setting of System Parameters

Delimited region’s radius L [m]
Number of Rx APs

Rx ULA length, Mg

Tx ULA length, Mt

Tx transmit power Pi, [dBm]
Noise Figure [dB]

Carrier frequency f. [GHz]
Bandwidth [MHz]

Sampling period T [ps]

Target speed ¥ [km/h]

Target RCS [m?]

Path loss

Antenna elements radiation pattern

150

[1,3,5,9, 11]

10

10

30

9

1.9

20

0.71

60

m

Two-way radar equation (Bistatic)
3GPP TR 38.901

CRLB AoA
Number of Rx APs =1
Number of Rx APs =3
Number of Rx APs =5
-4.5 \ Number of Rx APs =7
Number of Rx APs =9
Number of Rx APs = 11
)
'J ’5
-4
=
=
Eﬂ -5.5
-6
-6.5 '

P P ELF RS

Available Time Samples

luglO(CRLB)

| CRLB Doppler Frequency
Number of Rx APs =1
057\

Number of Rx APs =3
Number of Rx APs =5
Number of Rx APs =7
Number of Rx APs =9

Number of Rx APs =11

TR D ®® DO
PR ETETIS

Amount of Available Time Samples

(a) Curve of the log,,(CRLB)(b) Curve of the log,,(CRLB)

regarding the AoA.

regarding the fp.

Figure 5.2: Exact numerical results based on the analytical derivation of CRLBs on AoA and Doppler frequency estimation as
functions of the available time samples.

As an illustrative preliminary result, Figure 5.2 compares the CRLBs for AoA and Doppler frequency
estimation by fixing the number of Rx antennas at each AP for both bistatic and multi-static
architectures while increasing the available time samples of the received echoes at each AP. Based on
the results of Figure 5.2-a) and Figure 5.2-b), we make the following observations. First, as intuitively
expected, the CRLB decreases as the number of available time samples increases. Second, increasing
the available R« APs leads to a lower CRLB for both parameters. This result is verified by Figure 5.3-a)
and Figure 5.3-b). These figures plot the CRLB curves, while keeping the number of available time

samples at 400 and varying the number of Ry APs.
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Figure 5.3: Exact numerical results that illustrate the influence of the number of RyAPs on the CRLBs for AoA and Doppler
frequeny estimation in multi-static sensing systems.

5.5 Future Work

In this chapter, we have discussed and proposed the initial model elements for a multi-TRP multi-
sensing system, where the objective is to estimate the AoA and Doppler frequency of a single passive
moving target. We considered the CRLBs and obtained preliminary result on how the CRLBs depend
on the number of observations (received signals at multiple reception points) and the number of Ry
nodes. We have also studied the asymptotic behaviour of the CRLB equations while varying the
number of Rx APs and the amount of available time samples. Our preliminary numerical results
indicate that increasing these parameters improve the estimation performance. However, they also
show that the improvements tend to saturate after a certain point.

In our future work we will evaluate the estimation performance when using maximum likelihood

multi-static estimation algorithms and will compare their performance with the CRLBs studied in this
chapter.
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6 Performance Analysis of Resource Allocation Schemes in
Cellular Bistatic JCAS Systems

6.1 Motivation and Objectives

Several recent works have discussed the level of integration at which JCAS systems can operate [19]-
[24]. The recent work in [21] for example, a study compared the performance of JCAS systems
operating in time-division mode and concurrent mode, identifying resource allocation strategies that
affect communication and sensing performance metrics. When operating in time-division mode, an
important resource allocation aspect is the number of time slots that are dedicated to channel state
information acquisition, data transmission and sensing procedures. JCAS systems operating in
concurrent mode, on the other hand, need to divide the transmit resources in terms of hardware,
number of antenna elements and transmit power between communication and sensing signals.

As we will see in the sequel, allocating power, time, frequency and spatial resources for sensing and
communication services may have a large impact on the performance of JCAS systems. As our results
indicate, resource allocation strategies in cellular systems are intimately related to topological,
architectural and deployment aspects, as detailed in [41]. Specifically, JCAS systems operating in
monostatic mode need to deal with self-interference, while bistatic JCAS systems need to manage the
inherent power and antenna resource trade-offs at the JCAS transmitter and, depending on the JCAS
topology, may need to mitigate interference between the sensing and communication signals at the
JCAS receivers.

Bistatic JCAS has been proposed as the key enabler of perceptive cellular networks due to its ability to
provide sensing services without full-duplex self-interference cancellation capabilities [21], [25]-[28].
Specifically, the recent work by Xiong et al. [27] considered a resource sharing scenario, in which the
JCAS transmitter divides its transmit signal into communication and sensing signals using a suitable
multibeam or multilobe technique, see also [21], [25] and [29] which are processed by physically
separate communication and sensing receiver nodes. In the above models, consequently, the trade-
off between communication and sensing is due to the limited power and antenna resources at the
transmitter node.

In contrast, the paper [28] investigated a bistatic JCAS system, in which both the transmitter node (a
UE device) and the receiver (a multi-antenna base station (BS)) operate as integrated JCAS nodes. This
arrangement is illustrated in Figure 6.1-a), which is characterised by a sum-power constraint at the UE
and the communication and sensing signals causing interference to one another at the receiving BS.
In the model or Figure 6.1-a), the JCAS trade-off is due to both the limited power resources at the
transmitter and the limited antenna (spatial) resources at the receiver. From a resource allocation
perspective, an important variant of this scenario is when the transmitter node is a UE and the receiver
nodes are BS, as illustrated in Figure 6.1-b).

A third meaningful JCAS resource sharing scenario is illustrated in Figure 6.1-c), in which the
communication and sensing transmitter nodes are separated, but the receiving node (here, a multi-
antenna BS) processes the received communication and sensing signals simultaneously. Note that in
this case, the transmit-side power constraint can be relaxed since the two transmitters may set their
respective power levels independently of each other. Here, an interesting case arises when the
communication and sensing UE devices cooperate and do not necessarily transmit with full power in
order to achieve some desired performance target at the JCAS BS.
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Figure 6.1: Integrated sensing and communication scenarios.

In this chapter, we study the three resource sharing scenarios shown in Figure 6.1 and compare their
performance in terms of the CRB associated with AoA and symbol estimation, assuming unitary
normalized constant envelope signaling. Note that in all resource sharing scenarios, the sharing of
hardware, antenna, power resources have a large impact on communication and sensing performance
indicators. We ask the question whether separating the JCAS receiver or transmitter to two physical
entities yields gains in terms of lower symbol estimation error at the communication receiver and
improved AoA estimation at the sensing BS(s) compared with the performance of the fully integrated
scenario 1(a) studied in [28], and what factors influence these performance gains. This question is
motivated by the observation that separating the communication and sensing receivers requires more
infrastructure resources, and it incurs some signaling and synchronization overhead to associate two
BS with the UE. On the other hand, it is intuitively clear that separating the receivers helps eliminate
the interference between the communication and sensing signals, and we therefore study the
beneficial effect in terms of lowering the CRB, which demonstrates the potential for high-quality
parameter estimation. Establishing the CRB gives important engineering insights and provides
benchmarks for practical algorithms for the positioning of unconnected objects in a wide range of use
cases, including intruder localization in secure areas, and localizing unconnected or unauthorized
UAVs, as listed in use case category 6.2 Detection, positioning, and localization of unconnected objects
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of Deliverable D2.1.
6.2 System Model

Table 6.1: System Parameters

Notation Meaning

N, Number of receive antennas at the base station

Pp, Py, Ps Transmit power of pilot, data and sensing signals respec-
tively

P Number of objects (targets)

pE ct Sensing signals from the P objects.

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

D e cP*P Diagonal sensing matrix

2 . 1 -
a(g,) = {.”e“ﬁ‘”ﬁ“(ep)...} c ohr

Steering vector associated with 8, j = 0...N, — 1, where
£ denotes the antenna spacing.

A(B) 2 {a(ﬂl) : ..a(ep)] T

Steering matrix.

S

Transmitted uplink pilot symbol

T

Transmitted uplink data symbol

h e M Complex (effective) channel between UE-BS

a, as Path loss between UE-BS and UE-object-BS (incl. radar
cross-section of object)

np, Ng € [ Additive white Gaussian noise at the receiver (BS) when
receiving the pilot and data signals

C e ¢NrxNr Stationary covariance matrix of the fast fading channel

6.2.1 Joint Transmitter and Receiver: Scenarios 1 and 3

In general, there are P objects that reflect the sensing signals, which are collected by the P -
dimensional p sensing vector. Following [30], the sensing signal can be a deterministic or a stochastic
signal. The deterministic model assumes that the source waveforms are non-random, while the
stochastic model assumes that the waveforms are zero-mean Gaussian with covariance matrix €. . .In
this chapter, we focus on the deterministic model, whereas the case of stochastic sensing signal is left
for future work.

For the data transmission, we assume constant envelope unitary normalized signaling, that is x is
uniformly distributed over the complex unit circle, x = ei®, where ¢ is a random variable with
support [—m, +m] [31]-[33].

The parameters characterizing this system are summarized in Table 6.1. Under these assumptions, the
received uplink pilot and data signals are modeled as follows:

yp = A(8)Dp + a,/P,Hws* + n,, € C'r,
Ya = A(B)Dp + aw/Pdex + ng € CNT, (61)

where H € CNr*Nt is the communication channel matrix between the UE device equipped with N,
transmit antennas and the serving BS equipped with N, receive antennas, and w € CMt is the transmit
precoder at the UE, a denotes the path loss and P, and P; denote the transmit power of the pilot and
data signals respectively. In this chapter, we assume that the UE operates single beamforming (see
[31]) — in cellular systems also referred to as Rank-1 transmission [34][35] that is the UE transmits a
single communication symbol x. While the multi-antenna UE transmits a single communication
symbol x, it utilizes the multilobe technology to sweep a sensing sub-beam and illuminate targets of
interest with controllable power, as proposed in, for example, [25][36]. For ease of presentation, we
will use h 2 Hw € C"r to denote the uplink effective channel and re-write the received signal model
as:
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¥p = A(6)Dp + a,/B,hs* +n, € C'r,
ya = A(8)Dp + a/P;hx + ny € Cr, (6.2)

where the diagonal sensing matrix, which collects the sensing path loss a; ; and sensing power P; ; for
each object, is defined as

as1yPs1 . 0

D=2 :
0 v Qsp/Psp

€ RP*P, (6.3)

and A(8) € CN*P is the steering matrix (see also Table 1), and the effective communication channel
follows the complex normal distribution h ~ €V (0, C).

Note that this signal model is an extension of the radar signal models used in [21][30][37][38] by
explicitly distinguishing the received pilot and data signals (y, and y,;). 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 Ppgt <
max(P,, P;) + P remains under a power budget dictated by physical limitations and regulatory
constraints [39].

6.2.2 Joint Transmitter with Separated Communication Receiver and Sensing Receiver: Scenario 2

In this scenario, the received signals at the communication and sensing BS, respectively, can be
written as:

yp = a/P,Hws* + n, € C'r,

Va = (x\/P_dex +ny, €CMr, (6.4)
where n, ~ CV'(0,071y ) and ng ~ CNV'(0,051y ), and

ys, = A(@)Dp + ng, € CMr,

ys, = A(6)Dp +ng, € C'r, (6.5)

Yo

Yd) is zero mean multivariate complex normal

where ng ,ng, ~ CN'(0,01y). In this case, (
distributed with covariance matrix
2 2 2 )
. Vo (Vo F a*PBC+oply, a®/BP;Ce
v = E[(YZ) (YZ) |¢] =< 2 6 42 2p [ (6.6)
a“,/P,PyCe a“PyC+ ogly,

Similarly, the vector of the received sensing signals is multivariate complex normally distributed with
the following mean and variance. In the case of deterministic transmitted sensing signal, p:

w0 25 [()6] - (9. o

and

AT A I A
q’d(e)=E[(ysz) (ys) '9] _<o oz, ) &F

where W; £ W,(0) is independent of 8. In the case of using a stochastic zero mean transmitted
sensing signal, we have that u;(8) = 0 and the covariance matrix is

M(6) + 62, M(0) )

¥s(0) = <M(0) M(0) + o21y,
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- (ﬁgzgg) e (ﬁ%g)H +02l,y, (6.9)

where M(8) = A()DQD" A (0) and Q@ = E[pp”].
6.3 Algorithm Description

Recall that the CRB matrix is defined as the inverse of the FIM (Fisher Information Matrix) [40], and
we therefore proceed with establishing the FIM associated with ¢ and 0 in the scenarios of interest.
In the case of Scenario 1 and Scenario 3, the FIM is computed based on (6.2) and is provided in [28].
In this subsection we focus on the separated receiver scenario (Scenario 2), which is characterized by
(6.4) and (6.5) and to simplify the discussion we assume P = 1 target to sense and consequently, 8 =
6., A(8) = a(6,). In Scenario 2 the FIM is defined as

62
l((P) = _E?&logfyp,yd (u' V), (610)
62
12(61) = —E 55 logfy, y,, (W V), (6.11)

where prﬂYd (u,v) and fYS1:YS2 (u, v) stands for the density function of §. = @3) and y, £ (iﬁl) with
2

deterministic sensing signal. According to [[28], eq. (13)] and [[28], g. (15)]

I(¢) =tr ((a% ‘P‘1(¢)> ‘P(qb)), (6.12)

1a(6) = 2 (Z 1a(6)) ¥i* (S ma(6)). (6.13)

since the W(¢) matrix in (6.6) is the same as in [[28] eq. (7)]. Note that this implies that the Fisher
information with respect to ¢ and 8 is equal in Scenario 1 and Scenario 2 (see also [[28], egs. (6), (13)
and (15)]).

6.4 Results

In this section, we study the performance of the bistatic JCAS systems illustrated in Figure 6.1 in terms
of the CRB associated with the estimates of the symbol phase ¢ and AoA 8;. We restrict our attention
to the single object (P = 1) case and evaluate the performance assuming deterministic sensing
signals. The main system parameters are summarized in Table 6.2.
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Table 6.2: Setting of the System Parameters

Parameter | Value

N 4

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

Py, Py, Ps Total power budget in Scenario 1 and 2: P, + Ps = 250
mW; FP; + P. = 250 mW.

P 1 (single object)

pecCF p=1landp ~ CN (0,€), where 2 = 1 (scalar).

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

s s=1

T x = ', where ¢ € [—m, 7]

o, s 60 dB ("low path loss, (PL)") or 80 dB ("high path loss,
(PL)")

Log4o(CRB)

Det. (S2)

100 150 200 250
Py [mW]

Figure 6.2: Comparing the achievable performance in Scenario 1 (S1) and Scenario 2 (S2) in terms of the CRBs for symbol ¢
and for AoA 81 with P1 £Pp = Pd and Ps = 250mW - P1. As the communication power increases, the CRB for ¢ decreases,
while the CRB for 91 increases due to the overall power budget in both scenarios.

Figure 6.2 compares the performance of Scenario 1 and Scenario 2. In both scenarios, the sum power
budget during the pilot and data power slots must be maintained (see Table 6.2). Therefore, the CRB
associated with symbol estimation (¢) decreases as we increase P; = P, = Py, while the CRBs
associated with AoA (6;) increase. Also, separating the communication and sensing receivers in
Scenario 2 helps to decrease the CRBs associated with 8;. As it was noted at the end of Subsection
6.3, the CRB associated with ¢ are the same in Scenarios 1 and 2 when using the deterministic sensing
waveform and in Scenario 2 with the stochastic waveform. Note that this figure shows the
performance of the deterministic and the stochastic sensing signal as well.
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Log1o(CRB)
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P1=Py=Py=Py [mW]

Figure 6.3: Achievable performance in Scenario 3 in terms of the CRBs for symbol ¢ and for AoA 91 with P1 £Ps = Pp = Pd.
That is, in this scenario, Pp, Pd, and Ps can be set independently from one another; here, we assume that they are set
equally.

Figure 6.3 examines the performance in Scenario 3, in which the communication and sensing
transmitters are separate UE devices. Therefore, in this scenario — unlike in Scenarios 1 and 2 — the
communication (pilot and data) and sensing power levels can be set independently. In Figure 6.3, the
communication and sensing power levels are set equally (indicated in the abscissa). Therefore, in this
scenario, increasing P; = P; results in decreasing all CRBs. As expected, the CRB is lower when using
the deterministic waveform than that associated with the random waveform. Note that this figure
shows the performance of the performance of stochastic sensing signal as well.

-2.0 . ; : :
Deterministic Waveform
-25
) Scen_1
-3.0 \
§ a=1 \_;j
=10
"-é—3.5_ B Scen.Z,\ .
8’ a,=1 \ V]
- -4.0 R
-4.5¢ .
50— . .. ]
20 40 60 80 100

Py [mW]

Figure 6.4: Comparing the achievable performance for AoA estimation in terms of the BCRB in Scenario 1 and Scenario 2
using the deterministic waveform with P1 £Pp = Pd and Ps = 250mW - P1..

Figure 6.4 shows the Bayesian Cramér-Rao bound (BCRB) as a function of P; in Scenarios 1-2, when
using the deterministic sensing signal. The a priori information available about 6 is that 8, is

uniformly distributed over [0, %], where a, = 1. Specifically, the BCRB plotted in this figure for

Scenarios 1 and 2 are defined as:

/2

= 1 2a, ax
La(a) 2 - =2 o o Jy Taa(@,61) dpdb,, (6.14)
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/2

~ 20, E
la(ax) £ =2 [ 1a(61) 6. (6.15)

As the Figure 6.4 shows, the BCRB decreases as the interval within which 8, lies decreases (as a,
increases from 1 to 10). Note that ax = 10 corresponds to the case when more a priori information is
available on the possible AoA than in the case of ax = 1. As P1 increases, the sensing power decreases
in both Scenarios, which leads to increasing BCRB.

6.5 Future Work

In this chapter, we studied resource allocation approaches and their impact on the performance of
bistatic JCAS systems, in which the integration of communication and sensing takes place either at the
transmitter (Scenario 2) or at the receiver (Scenario 3) nodes, or at both of them (Scenario 1).

Specifcially, we showed quantitaively by exact closed form formulas that when using the same receiver
node as a communication and sensing receiver (Scenario 1 and Scenario 3), the sensing and
communication signals cause interference to each other, which increases the CRBs for both sensing
and communication. Scenario 2 benefits from separating the sensing and communication receivers at
the expense of using additional hardware, which results in lower CRB. In our future work, we will focus
on the fully integrated scenario (Scenario 1), which imposes constraints both at the transmitter (e.g.,
power budget) and at the receiver (due to reusing hardware and antenna) resources. Thus, Scenario
1 requires the proper management of transmit resources and the design of multi-antenna JCAS
receivers, which can deal with the interference caused by the sensing and communication signals to
one another. In our future work, we will develop JCAS receivers that take ino’to account the
constraints of Scenario 1 for both communication and sensing.
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7 Signalling and Resource Optimization for Distributed MIMO
JCAS Systems

7.1 Motivation and Objectives

This section presents Task 3.3, which investigates a transmit signalling design and resource
optimization for D-JCAS systems, where multiple JCAS nodes cooperate in sensing and communication
without the need for phase-level synchronization.

This task focuses on the joint design of downlink CoOMP communication signals and MIMO radar
waveforms, utilising both collocated and distributed MIMO radar configurations. The goal is to
estimate AoA and TOF across all available multistatic measurements to enable accurate target
localisation. This integrated approach ensures optimal sensing performance while maintaining
communication quality of service (QoS).

The D-JCAS signalling framework is designed to meet the technical demands of 6G-MUSICAL’s eight
use cases through its unified communication and sensing capabilities. For Indoor AGV Localisation
(Use Case 1), hybrid TOF/AOA-based localisation delivers cm-leve accuracy, satisfying KPIs such as
<0.1m range resolution. Smart Convoys (Use Case 2) benefit from noncoherent CoMP transmission
and distributed MIMO radar, maintaining <0.5 m/s velocity estimation accuracy for platooning, with
SINR guarantees ensuring robust V2X communication. Moreover, Intruder Detection (Use Case 3) and
UAV Monitoring (Use Case 6) exploit environmental multipath for reliable detection in non-LoS
scenarios, achieving miss-detection rates below 2%. Railway Intrusion Detection (Use Case 8) benefits
from centimetre-level TOF precision across distributed nodes. In the context of infrastructure
monitoring, Road Fault Identification (Use Case 4) uses TOF/AOA fusion to detect surface anomalies
smaller than 0.5 meters, while Weather Monitoring (Use Case 5) repurposes synchronisation signals
for localised atmospheric sensing. For smart home applications, Fall Detection (Use Case 7) leverages
the system’s 50Hz update rate and 10ms latency to enable rapid emergency response. Overall, by
optimising the CRB-SINR trade-off, the proposed framework dynamically manages resource allocation
to meet the unique KPI requirements across all use cases.

The main activity of this task introduces an innovative transmit signalling design and resource
allocation 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.

7.2 System Model

Next-generation wireless networks are increasingly converging communication and radar sensing
functionalities within a unified infrastructure, a paradigm known as JCAS, which promises significant
gains in spectral and hardware efficiency [67]. When multiple JCAS nodes collaborate over a wide
geographical area, they form a D-JCAS architecture, as illustrated in Figure 7.1 [68]. This distributed
setup introduces new challenges, including the management of inter-cell communication interference
and the coordination of radar sensing tasks across spatially separated antennas. In the absence of
phase synchronisation (i.e., noncoherent operation), the waveforms transmitted by individual nodes
combine in power rather than amplitude, which can significantly impact both communication and
sensing performance.

We consider N JCAS nodes, each equipped with M; transmit antennas and M, receive antennas,
deployed over a region. A CU 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
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operate in full-duplex mode, transmitting and receiving simultaneously on OFDM subcarriers. Time-
frequency synchronisation among nodes is assumed, ensuring alignment of OFDM symbols across the
network. However, there is no phase-level synchronisation.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,,, ¥,17, and the user positions are q,, = [ x,,,]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.

Target K
@) %

“.' ' XN @
" s, larget 1

ISAC node N

ISAC node 2

Central
Processing Unit

TX signals from node 1 — TX signals from node 2
Monostatic link of X; - — = Monostatic link of X,
Bistatic links of X -------=-» Bistatic links of X,

Figure 7.1: lllustration of the D-JCAS system.

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

X, [t] = X{c,.n} [t] + X{s.n}[t]- (7.1)

Here, X(; n[t] is the communication signal intended for multiple users on L subcarriers, while X 1[t]
is the radar signal designed to facilitate target detection and localisation. For the communication
portion, each subcarrier | can be expressed as:

Xieny = Wieny Sie) (7.2)

where Wy, ;3 in €%V is the precoding matrix for U users, and s ;3 in CV*! 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 FIM used in radar localisation, as subsequent
sections describe.

1) Communication SINR

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

Wicn1} be the beam corresponding to user u in the precoding matrix Wy, ,, 3. The SINR accounts for
the intended signal power, the interference from other users on the same subcarrier, the interference
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from radar signals, and AWGN. Under noncoherent combination, the useful signal power from
multiple nodes sums in power, leading to:

2
< Zg:1|hg1,u,l}w{c,n,u,l}| )

2 2] o2
211\1’:1[Ziiu‘hgl,u,l}w{c,n,i,l}| + |hg1,u,l}x{s,n,l}| ]+TC>

Yicuy = ( (7.3)

Note that radar signal interference from node n enters via the term |hg1,u,l}x{s,n,l}|2' The sum of these
terms across all N nodes constitutes the total interference. Maintaining yyc,,;; = I 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 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 7.2. If we collect all unknown
parameters, target positions and reflection coefficients, into a vector ©, the for an observation Y,
forms the basis for computing the CRB:

CRB = tr([F(®)]™). (7.4)

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.

Monostatic 1

o Target  Monostatic 2 \ -
Bistatic

Figure 7.2: Target localization methods in D-JCAS: (a) TOF-based localization and (b) AOA-based localization.

7.3 Algorithm Description

The goal of the design is to minimise 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(0)]™1), (7.5)
S.t. Yicun = 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(.,,;; depends on Xy, 3, the communication
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precoding. Because X ;3 and X, 1} 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
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 an SDR approach, the design variables become large power spectral density
(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
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 optimizing 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

7.4 Results

First, we validate the CRB-SINR trade-offs of the three designs, as shown in Figure 7.3 (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 as the
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number of users increases in all three designs, and the maximum achievable communication SINR also
decreases. Figure 7.3 (b), illustrates 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 improvements in both sensing and communication
performance. 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, utilising TOF measurements to localise the target [69]. It is worth noting that
this cooperative sensing gain is significantly influenced by the geometry of the target and node
positions [3]. Furthermore, the optimal number of distributed JCAS nodes can be determined by
considering the antenna-to-node allocation for a given cooperative node density.
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Figure 7.3: JCAS trade-off of the signaling designs with varying numbers of (a) users and (b) nodes..
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Figure 7.4: Comparisons of the execution time to the number of subcarriers.

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 7.4, 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 trade-offs between performance and complexity. Consequently,
one can select an appropriate design based on the system requirements, such as computational
resources.
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Figure 7.5: Performance gain of D-JCAS with various synchronisation approaches.

D-JCAS improves target localisation by leveraging spatial diversity in distributed MIMO radar but is
sensitive to synchronisation errors. Figure 7.5 compares noncoherent D-JCAS with a single-node JCAS
system. When using the same number of antennas per node, D-JCAS achieves better localisation
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, poor time synchronization (250 ps accuracy) prevents it from outperforming the single-node
system. In contrast, the improved synchronization (10 ps accuracy) provides enough cooperative
sensing gain even with the decentralised processing.

7.5 Future Work

Future work in signal design and resource optimization will explore coherent D-JCAS systems, where
distributed nodes achieve phase-level synchronisation, enabling their signals to combine coherently
at both communication receivers and radar front-ends [70]. Coherent operation promises further
improvements in communication throughput and radar parameter estimation accuracy. However,
achieving and maintaining precise phase alignment across geographically dispersed antennas poses
significant challenges. Addressing phase noise and ensuring stable synchronisation under dynamic
conditions will require advanced phase-tracking algorithms, meticulous hardware calibration, and
robust synchronisation protocols.

Another promising direction is the development of efficient decentralised signalling strategies that
reduce reliance on a central processing unit. While centralised approaches can globally optimise signal
design, they introduce considerable overhead in terms of data exchange, computational complexity,
and latency. In contrast, decentralised methods enable nodes to make local decisions based on partial
or shared information, coordinating their sensing and communication resources independently. This
distributed architecture could improve scalability, reduce signalling overhead, and offer greater
resilience to node failures. However, it introduces new challenges in maintaining near-optimal
performance amid asynchronous operations and limited global knowledge.
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8 Node Association for Scalable Cell-Free Systems
8.1 Motivation and Objectives

CF JCAS has recently gained significant attention due to its potential to enhance sensing performance
by leveraging the macro-diversity and coverage benefits of densely distributed APs. However, most
existing works assume that all APs serve all users, which leads to scalability and implementation
challenges. To address this, a shift toward clustering designs has been proposed, where more efficient
resource allocation, such as node association, can reduce signaling overhead and improve scalability.
In the JCAS domain, few works have tackled this problem [60]-[62]. In [60], the authors propose an AP
mode selection and beamforming strategy where each AP dynamically operates as a transmitter or
receiver. The work in [61] fixes the set of transmitting and receiving APs but introduces an algorithm
to select APs for either communication or sensing functions, along with power control. User-centric
(UC) CF, for JCAS scenarios, is introduced in [62], where the authors propose a joint waveform and
clustering design that creates user-centric clusters, with each UE served by a subset of APs.

However, the problem of clustering design for UC-CF multistatic JCAS has not been previously studied.
In this scenario, unlike [62], the receiver APs are distinct from the transmitter APs, which provides
greater flexibility and spatial diversity for target detection.

This work aligns with the objectives of Task 4.4, which focuses on intelligent resource allocation
methods and the self-organization of CF radio sensing. In this context, we study algorithms for
associating sets of APs to UEs in an JCAS scenario, where the transmitter APs communicate with
multiple UEs and simultaneously steer beams toward a target. First, we propose a simple association
scheme in which AP-UE pairing is performed randomly. The second algorithm uses the channel norm
as a metric to perform the association between APs and UEs. Finally, the third scheme assigns a fixed
number of UEs—with the highest channel norms, to each AP. It is worth noting that this work presents
preliminary results on intelligent resource allocation, and optimized methods are foreseen for
following reports.

The proposed resource allocation methods for CF ISAC scenarios contribute to several 6G-MUSICAL
use cases, particularly those requiring energy-efficient and scalable network designs. By leveraging CF
networks, the intelligent association of APs and UEs reduces fronthaul load, optimizes power
consumption, and lowers the computational complexity of the algorithms. These improvements are
especially relevant in dynamic environments where real-time sensing and communication need to be
jointly optimized. In particular, the indoor localisation of AGVs in warehouses and production facilities
(Use Case 6.1.1 in D2.1) stands out as a key application, where intelligent AP-UE association reduces
fronthaul load and ensures low-latency, high-accuracy positioning in complex and dynamic indoor
environments. Similarly, smart convoy (Use Case 6.1.2 in D2.1) operations benefit from efficient AP
clustering and beam steering, enabling coordinated movement and communication across multiple
vehicles while minimizing energy consumption. Intruder detection in secure areas (Use Case 6.2.1 in
D2.1) and UAV intrusion detection (Use Case 6.2.3 in D2.1) are also closely aligned with this work, as
they require reliable and flexible sensing infrastructures capable of adapting to variable threat
locations. In such scenarios, the separation of transmitter and receiver APs in a multistatic CF ISAC
setup, combined with optimized association algorithms, enhances spatial coverage and target
detection performance while keeping computational complexity low.

8.2 System Model

Figure 8.1 displays a UC-CF ISAC scenario comprising M transmitters (AP«), N receivers (APy), and K
UEs. In this UC-CF scenario, the kth UE is served by a subset of the total M APy Specifically, the set
M, < {APy;, ...,APy } denotes the group of APs assigned to serve the kth UE. Simultaneously, the
M APy steers radio-sensing probing beams towards an area of interest.
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This work considers that the set of AP.«is configured to function exclusively as radio-sensing receivers.
Specifically, the signals received by the AP, are processed to detect and estimate objects in the
environment. In addition, it is assumed that APs are synchronized and that the CSI between the AP«
and the UEs is perfectly known by the APx..

CU
TIEL
LR

"7 Set of APs serving the kth UE
- Radio-sensing probing beams
—® Communication channel
---# Echo channel

Figure 8.1: lllustration of the considered UC-CF ISAC scenario.

A. Transmitted Signal Model

This work considers downlink transmission, where the mth APy transmits data towards a set of UEs,
defined as K, < {UE;, ..., UEx}. More specifically, each AP« transmits data towards the set of UEs

Ko, Wwhere the communication data streams are also used for radio-sensing purposes. The signal
transmitted by the mth AP«is expressed as

Xm = Z fm'ksk (81)

KEK

where f,, x € CNerepresents the beamforming vector corresponding to the kth data stream. The power
budget for the beamforming vector is constrained by P, formally

[ [Fm] |?F< P (8.2)

B. Communication Model

As previously mentioned, the transmission of communication data follows an UC-CF approach.
Consequently, the signal received by the kth UE is modeled as the sum of the signals transmitted by
the M APy. The received signal ykis given by

— H H
Y = z o fm ke Sk + z Z o i B si + Nk
MEM;, LEX\{k} mem; Noise
Desired Signal (DS) Multi-user Interference (MUI)

(8.3)
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where, K = {1, 2,..., K} represent the total number of UEs, and nx ~ CN(0,0x?) represents complex
additive white Gaussian noise (AWGN) with zero mean and variance ox?. The term h,,x € C¥«denotes
the communication channel between the mth AP and the kth UE.

C. Radio-Sensing Model

A multi-static topology is considered in this work, where the M APws steer radio-sensing probing
beams toward a desired area, and N APxs collect the echoes reflected from a target. It is assumed
that a LoS path exists both from the AP« to the target and from the target to the AP.«. Therefore, the
channel between the m-th AP« and the nth AP consists of a single path [1], as shown in Figure 8.1.
The signal received at the nth AP can be expressed as

Yn= z d\m»naer (q)n)a%tx (em)xm + ny, (84)

m

where &@,, , represents the path gain, including the radar cross section (RCS) of the target [1]. The
variables 6, and ¢, represent the AoD from the mth AP« and the angle of arrival AoA at the nth APy,
respectively.

8.3 Algorithm Description

The algorithms developed in this work represent initial research toward more optimal methods for
AP—UE association in CF ISAC scenarios. These methods are designed to associate APs to UEs while
balancing coverage and connectivity constraints. It is important to note that all algorithms assume the
association step is performed prior to beamforming/precoder design, which can later follow the
methodology outlined in Section 0 of this deliverable. Three algorithms are presented below.

Algorithm 1: Random Association

Let M = {1,..., M} be the set of AP indices. The algorithm constructs the binary association matrix
A € {0,13*K where the entry a,, ; = 1 if mth APy is associated with the kth UE.

1. Foreachk € X, randomly select one APm € M, and set a,,, < 1 to ensure each UE is
served.

2. Foreach m € M not yet associated with any UE, randomly assign a k € X such that a,, ; <
1, ensuring every AP is active.

3. Add random AP-UE pairs (m,k) with a,, ;, < 1 until the total number of active associations
equals a target number N.y,p-

Algorithm 2: Channel Norm-Based Association

This algorithm exploits channel quality to guide the association based on the norm || h,, . |l of the
communication channel between mth AP kth UE.

1. Compute all channel norms || h,, ;. Il for (m,k) € M x XK.
2. For each AP m € M, associate it with the UE having the highest channel norm: k* =

argmax || hy, . I ; set @y, . < 1.
K

3. Foreach UEk € X notyet served, associate it with the AP with the strongest channel: m* =

argmax || hy, . || ; set @, p < 1.
m

4. Sort all remaining AP-UE pairs by decreasing || hy, ;. Il and assign them until )} a,, x = Neonn-
Algorithm 3: Channel Norm Based with Equal Number of UEs per AP Association

This algorithm constrains the number of UEs associated per AP and uses the channel norm for
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prioritization.

1. Set the target number of UEs per AP as Nggr_AP = NC"""/M.
2. Compute all channel norms || h,, . Il for (m,k) € M x K.

3. ForeachUEk € X, findits best AP: m" = argmax || h,, . Il ; set a;.p < 1.
m

per—AP

4. For each AP m € M, assign it to its top N UEs with the highest || h,, , Il, avoiding

duplicate assignments.

8.4 Results

This section is dedicated to evaluating the algorithms introduced in Section 8.3. Specifically, these are:
e Algorithm 1, referred to as RandAssoc;
e Algorithm 2, referred to as NormAssoc;
e Algorithm 3, referred to as NormPerApAssoc.

The precoder design employed to generate the results presented here follows the approach detailed
in Section 2, as previously discussed. The following results were obtained for a scenario with M = 4
APy, N =2 AP\, and K =4 UEs. Both APtx and APrx are equipped with ULAs consisting of N = 32 and
N =32 antenna elements, respectively, spaced by A/2. The noise variance at the APs is set to 0,2 =
—20 dB. For simplicity, we assume that the variance of &, ,:Vm,n is G,Znn = —10 dB. Lastly, the
power budget for the distributed beamforming matrices is set to Pn,=1 Vm.

Figure 8.2 presents a comparison illustrating the trade-off between the mean sum of SINRs and the
sSNR constraint A (refer to Section 2 for more details). The sum of the SINRs is computed for A values
ranging from 28 to 42 dB. Each data point represents the average over 400 independent random
realisations of the communication channels. In this experiment, the performance of the three
proposed algorithms is compared against the baseline classical CF association, where each AP serves
all UEs simultaneously. The comparison is carried out under different AP-UE connectivity constraints,
specifically for N, € {8, 12}, representing the number of active AP-UE connections selected out
of a total of 16 possible.
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Figure 8.2: Comparison of the Sum of SINRs vs. A for CF-ISAC with M=4, N=2, and K=4.
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The result in Figure 8.2 illustrates that the UC-CF approaches, RandAssoc, NormAssoc, and
NormPerApAssoc, exhibit lower performance compared to the classical CF association, where all APs
serve all UEs without connectivity constraints. In addition, among the UC-CF schemes, NormAssoc
achieves the best performance. This is because RandAssoc randomly assigns AP-UE connections
without using any channel information, while NormPerApAssoc, although it leverages channel norms,
imposes an additional constraint by limiting the number of connections per. In contrast, NormAssoc
selects connections based purely on the strongest channel norms across all AP-UE pairs, providing
greater flexibility in optimising the association. Finally, it is observed that as the total number of
allowed AP-UE connections increases, the performance gap between the different UC-CF algorithms
narrows. This is expected, as looser connectivity constraints allow each algorithm more freedom to
approximate the behaviour of the full classical CF association.

8.5 Future Work

Future work will focus on the development of more advanced yet low-complexity AP—UE association
algorithms. There is potential to explore more refined heuristics that leverage additional channel or
network structure information while keeping complexity manageable for distributed implementation.
Another important direction is the joint optimisation of the AP—UE association matrix A and the
precoding vectors. Finally, an extension of this work is to investigate target-centric association
strategies for the sensing functionality, analogous to the UC-CF approach in communications. In this
case, the objective would be to associate subsets of APs to specific sensing objectives.

Page 70 of 76



6G-MUSICAL, Horizon No. 101139176 Deliverable D4.3

9 Conclusions

This document presents the initial outcomes of Task 4.3 and Task 4.4 within WP4 of the 6G-MUSICAL
project. The project focused on developing algorithms for multistatic sensing, baseband algorithms at
the sensing stations, resource allocation algorithms, transmit signalling design, and algorithms for
associating sets of APs to UEs in a cell-free scenario. The work addressed key challenges of accuracy,
scalability, and cost-effectiveness in next-generation wireless networks.

Specifically, a two-stage beamforming algorithm was designed to reduce fronthaul load by distributing
signal processing between the CU and APs. This algorithm jointly considers communication and
sensing requirements, explicitly handling power and SNR constraints in a cell-free joint communication
and sensing framework. We also explored multistatic sensing algorithms based on OFDM, emphasising
transmitter and receiver beamforming as well as range, Doppler, AoA estimation, time
synchronisation, and translation into global Cartesian coordinates.

Our findings confirm that conventional communication nodes are unsuitable as sensing stations due
to limited resolution caused by communication-centric optimisation. To address this, we proposed a
new architectural design and processing algorithms for single-station operation, enabling high-
resolution data collection and secure sensing, both critical for centralised multistatic sensing.
Simulations and experiments using a modified OpenWiFi platform (full-stack 802.11 FPGA
implementation) validated the effectiveness of the proposed methods.

We further examined Doppler and angle-of-arrival estimation for passive objects using noisy multi-
time-instance signals. The framework supports both local processing at sensing nodes and centralised
fusion. The analysis highlights how system parameters, such as the number of APs and time samples,
affect estimation accuracy. Additionally, three resource-sharing strategies were compared in terms of
Cramér—Rao bounds for AoA and symbol estimation under unitary normalised constant-envelope
signalling. These results provide engineering insights and benchmarks for practical algorithms in use
cases like intruder detection and unauthorised UAV localisation.

An innovative transmit signalling and resource allocation framework for distributed JCAS was also
proposed, 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. Finally, we discussed algorithms for associating
sets of APs to UEs in a JCAS scenario, where the transmitter APs communicate with multiple UEs and
simultaneously steer beams toward a target. First, we proposed a simple association scheme in which
AP-UE pairing is performed randomly. The second algorithm uses the channel norm as a metric to
perform the association between APs and UEs, while the third one assigns a fixed number of UEs, with
the highest channel norms to each AP.

Overall, these contributions establish the foundation for advanced multistatic sensing in the 6G-
MUSICAL project, supporting high-accuracy positioning, 3D imaging and object identification. The
work demonstrated significant progress in resource allocation and self-organisation mechanisms,
paving the way toward more reliable and high-performance 6G systems.
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