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ABSTRACT The ultimate goal of integrated sensing and communication (ISAC) deployment is to provide
coordinated sensing and communication services at an unprecedented scale. This article presents a
comprehensive overview of network-level ISAC systems, an emerging paradigm that significantly extends the
capabilities of link-level ISAC through distributed cooperation. We first examine recent advancements in
network-level ISAC architectures, emphasizing various cooperation schemes and distributed system designs. The
sensing and communication (S&C) performance is analyzed with respect to interference management and
cooperative S&C, offering new insights into the design principles necessary for large-scale networked ISAC
deployments. In addition, distributed signaling strategies across different levels of cooperation are reviewed,
focusing on key performance metrics such as sensing accuracy and communication quality-of-service (QoS).
Next, we explore the key challenges for practical deployment, where the critical role of synchronization is also
discussed, highlighting advanced over-the-air synchronization techniques specifically tailored for bistatic and
distributed ISAC systems. Finally, open challenges and future research directions in network-level ISAC design
are identified. The findings and discussions aim to serve as a foundational guideline for advancing scalable, high-
performance, and resilient distributed ISAC systems in next-generation wireless networks.

INDEX TERMS Cooperative integrated sensing and communication (ISAC), coordinated beamforming (CBF),
distributed multiinput multioutput (MIMO) radar, distributed ISAC, ISAC, joint transmission, network-level

ISAC.

INTRODUCTION

Integrated sensing and communication (ISAC) has emerged
as a key technology for next-generation wireless systems,
enabling the joint use of spectral and hardware resources for
both radar sensing and data transmission [1], [2]. This conver-
gence offers significant improvements in spectral and energy
efficiency (EE), while simultaneously reducing hardware com-
plexity and deployment costs [3]. Early research on ISAC pri-
marily focused on link-level system designs [4], [5], which,
despite demonstrating the feasibility of ISAC, revealed critical
limitations: severe inter-cell interference, limited coverage in
millimeter-wave bands, and restricted sensing resolution, accu-
racy, and detection probability [6].

To address these challenges, the paradigm of network-level
ISAC, also referred to as multicell cooperation, networked
ISAC, cooperative ISAC, distributed ISAC, or cell-free ISAC
in existing works, e.g., [7], [8], and [9], has been proposed. In
this framework, multiple base stations (BSs) collaborate to
enhance communication services through techniques such as
resource allocation, coordinated beamforming (CBF), and joint
transmission and reception via coordinated multipoint (CoMP)
strategies. Simultaneously, distributed multiinput multioutput
(MIMO) radar architectures introduce new opportunities within
network-level ISAC by significantly improving target detection
and localization performance. For this purpose, the network-
level ISAC system employs multiple, spatially separated
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transceivers, with each BS (or node) operating in either
half-duplex (HD) or full-duplex (FD) mode to perform both
sensing and communication functions.

Harnessing these opportunities necessitates a step change
from today’s communication-only coordination, which neither
captures the opportunities for coordinated and multistatic sens-
ing nor addresses the conflicting communication and radar
objectives. Jointly designing sensing and communication func-
tions across the network enables ISAC systems to achieve their
ultimate goal: realizing coordinated sensing and communica-
tion at an unprecedented scale. Such cooperative strategies can
expand coverage areas, mitigate inter-cell interference, and
enrich spatial diversity, thereby supporting high-resolution
sensing and robust communication coverage across diverse
environments.

Opportunities of Network-Level ISAC

Hardware Perspectives

As one of the primary goals of ISAC in 6G is to enable sensing
capabilities within wireless mobile networks [10], it is essential
to ensure reliable sensing performance to support a wide range
of applications, including unmanned aerial vehicle (UAV)
detection, vehicular monitoring, and robotic perception. How-
ever, achieving high radar sensing accuracy and resolution
often necessitates increased hardware complexity, such as
large antenna array apertures with wideband antennas radio
frequency (RF) chains, which may be impractical for large-
scale or cost-sensitive deployments [11], [12].

In particular, unlike conventional radar systems that typi-
cally employ frequency-modulated continuous wave (FMCW)
waveforms, ISAC systems use digitally modulated waveforms
designed primarily for data transmission. This shift imposes
stringent hardware requirements, as analog-to-digital convert-
ers (ADCs) and digital-to-analog converters (DACs) must
operate at very high sampling rates, often exceeding several
gigasamples per second, to achieve centimeter-level range res-
olution [13], [14], [15]. Furthermore, an ISAC receiver should
be able to detect both a communication link, subject to single
link attenuation, as well as a target echo, which is subject to
much larger forward and reverse link attenuation. This has sig-
nificant implications on the dynamic range of the receive low-
noise amplifiers (LNAs) and ADCs. These constraints present
significant design challenges for practical ISAC hardware
implementation in mobile network environments [16]. In this
context, network-level ISAC presents a promising solution
for achieving high-performance sensing without the need to
increase the hardware specifications of individual ISAC nodes.
By leveraging spatially distributed nodes, the system effec-
tively forms a large aperture with sparsely sampled spatial
points, enabling high-resolution and high-accuracy sensing
through cooperative operation [17].

On the other hand, the maximum transmission power of a
typical RF chain is inherently limited by the linear output capa-
bilities of RF power amplifiers (PAs), and the total system
transmit power is further constrained by effective isotropic
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FIG. 1. Scenarios of network-level distributed ISAC.

radiated power (EIRP) regulations. Consequently, the transmit
power available at an individual ISAC node may be insuffi-
cient to support reliable dual-functional radar-communication
operation, particularly under the influence of RF impairments
such as transmitter and receiver nonlinearities [18], [19]. This
limitation naturally motivates the adoption of network-level
cooperative ISAC systems, where distributed nodes jointly
transmit and receive to provide a transmit power combining
gain and mitigate individual hardware constraints [20]. There-
fore, the network-level distributed ISAC system opens up new
opportunities to relax stringent hardware requirements at the
node level, including reductions in antenna array aperture,
ADC/DAC sampling rates, RF front-end bandwidth, and per-
node transmission power.

Application Perspectives

Building upon the concept of network-level ISAC, a wide
range of opportunities arise for deploying ISAC systems across
diverse scenarios [21], as shown in Fig. 1. Network-level
ISAC principles extend to space-air-ground integrated
(SAGI) networks, which leverage satellites, aerial nodes, and
terrestrial stations to collect and fuse multimodal sensory
data, including radar, LIDAR, cameras, and GPS, facilitating
dynamic resource allocation and comprehensive environmen-
tal awareness, while enabling cooperative gains between non-
terrestrial and terrestrial infrastructures [22], [23]. Moreover,
the synergy between networked sensing and communication
enhances coverage resilience and service continuity across
varied deployment environments [24]. In vehicular ISAC,
collaborative sensing among vehicles augments situational
awareness for traffic coordination and platooning, and dedi-
cated MAC protocols alongside real-time Al-driven updates
optimize latency and resource management. For example, the
distributed intelligent sensing and communication architec-
ture introduces edge-distributed processing and semantic-
level data fusion to support seamless target handovers and
scalable low-latency sensing and communication (S&C) serv-
ices in densely deployed networks [25], [26]. As Al becomes
a central 6G pillar, coordinated sensing with real-time
data collection across heterogeneous nodes underpins

VOLUME 1, 2025



L\\ulﬁg-s g

Antennas and Propagation Society

TABLE I. Comparison of different ISAC cooperation networks and requirements

Requirement . . .. L. Signaling Cooperation

Cooperation Level Information Sharing Network Connectivity Synchronization Overhead Gain
Non-cooperative (Baseline) None Singleton links None Low None
Interference Management User/target CSI Pairwise BS links None Medium High

Non-coherent Data/echo signals Clustered neighbors Time, frequency Very high High
Decentralized Cooperation

Coherent CSI + Data/echo signals Clustered neighbors Time, frequency, phase Very high Very high

Non-coherent Global CSI + All data Full connectivity Time, frequency Extreme Extreme
Centralized Cooperation

Coherent Global CSI + All data Full connectivity Time, frequency, phase Extreme Extreme

self-adaptive network intelligence, enabling dynamic pro-
tocol adjustment and predictive configuration.

Organization of the Article

While network-level ISAC offers promising opportunities for
scalable ISAC deployment, implementing multicell coopera-
tion introduces several challenges, including increased back-
haul and signaling overhead, complex joint resource allocation
across antennas, bandwidth, and processing units, as well as
stringent synchronization requirements among spatially dis-
tributed nodes. To fully exploit the potential of distributed
ISAC, it is essential to develop comprehensive system archi-
tectures alongside efficient signaling and robust synchroniza-
tion strategies that adapt to varying cooperation levels and
practical system constraints. Furthermore, duplex-mode selec-
tion and multistatic sensing-architecture design must be jointly
optimized, accounting for hardware impairments that affect
both distributed MIMO sensing performance and coordinated
communication quality.

In light of these challenges, this article provides a compre-
hensive overview of recent advances on network-level ISAC
design, spanning stochastic geometry (SG)-based performance
analysis, distributed ISAC signaling design, and synchroniza-
tion techniques. “Architecture and System Models of Network-
Level Distributed ISAC” section reviews cooperation schemes
and distributed architectures for networked ISAC, including fun-
damental transmitter and receiver system models. “Performance
Analysis for Interference Management and Cooperative ISAC”
section presents the performance analysis and scaling laws
of network-level ISAC, offering new insights into efficient sys-
tem design. Subsequently, “Cooperative Signaling Design for
Coherent and Noncoherent Distributed ISAC” section discusses
distributed ISAC signaling strategies based on various signaling
models. The critical role of synchronization, particularly over-
the-air synchronization techniques, is explored in “Over-the-Air
Synchronization Techniques for Distributed ISAC” section.
Finally, remaining challenges and future research directions for
network-level ISAC design are outlined in “Open Challenges
and Future Directions” section. Key contributions of this over-
view on network-level ISAC are summarized as follows.

1) A unified framework is presented for analyzing and

modeling network-level ISAC architectures, including
cooperative transmitter and receiver configurations.
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2) Analytical insights into the scalability of networked
ISAC systems are provided through SG-based perfor-
mance evaluation and tradeoff analysis.

3) A systematic overview is given of distributed signaling
designs and over-the-air synchronization strategies suited
for practical, large-scale ISAC deployments.

Notations: Boldface variables with lower and upper case
symbols represent vectors and matrices, respectively. A €
CV*M and B € RV*M denote a complex-valued N x M matrix
A and a real-valued N x M matrix B, respectively. Also, Oy
and Iy denote a N x M zero-matrix and a N X N identity
matrix, respectively. (-)", (-)”, and (-)* represent the transpose,
Hermitian transpose, and conjugate operators, respectively. E[-]
is the statistical expectation operator.

ARCHITECTURE AND SYSTEM MODELS OF
NETWORK-LEVEL DISTRIBUTED ISAC
Cooperation Schemes in Network-Level ISAC
In ISAC networks, cooperation can be structured along a spec-
trum of architectural layers, each trading off complexity and
overhead for improved S&C performance. At the simplest
extreme, noncooperative operation (no CSI or data exchange,
single-link connectivity) imposes minimal signaling cost but
yields no cooperation gain [27]. Introducing interference man-
agement, where only user/target CSI is shared over pairwise
BS links, allows basic beamforming nulls to suppress dominant
interferers without synchronization, delivering a modest uplift in
area spectral efficiency (ASE) and sensing accuracy [28].
Stepping up to decentralized cooperation, clusters of neigh-
boring BSs pool raw echo and/or CSI to perform either nonco-
herent (symbol-level aligned) or coherent (phase-aligned) joint
beamforming. Here, the enriched information sharing and
tighter synchronization unleash very high signaling overhead
and computational burden but in return achieve substantially
higher S&C gains via distributed MIMO diversity and nulling
[29]. Centralized cooperation funnels global CSI and all data
into a fusion center over a full-mesh backhaul: the noncoherent
fusion mode relaxes timing constraints to symbol-level, while
coherent fusion demands network-wide phase synchroniza-
tion. Although this configuration incurs extreme overhead,
it maximally exploits spatial degrees of freedom, enabling
near—theoretical upper bound performance in both commu-
nication throughput and positioning accuracy (see Table I).
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Distributed ISAC Architectures

Distributed ISAC systems exploit spatial diversity by employ-
ing widely separated transmitters, receivers, or both. To this
end, various configurations, such as multiinput single-output
(MISO), single-input multioutput (SIMO), and MIMO, can be
adopted, each presenting distinct trade-offs in terms of system
complexity, cooperative gain, and transceiver design. The
studies in [30], [31], and [32] investigate a cooperative ISAC
system consisting of multiple transmitters and a single receiver.
While this configuration enables distributed transmission gain, it
inherently lacks receiver diversity from the radar sensing per-
spective. Furthermore, coordination among distributed transmit-
ters is crucial for interference nulling or joint transmission to
support wireless communication. Notably, this setup simplifies
receiver-side processing, as it eliminates the need for signal
fusion due to the presence of only a single receiver.

On the other hand, a distributed SIMO system leverages
receiver diversity, wherein widely separated multistatic
receivers collaboratively process the received signals to enhance
target detection and parameter estimation performance [33], [34].
Receiver-side processing for radar sensing must account for the
degree of data fusion across the distributed receivers to achieve
cooperative sensing gain. Decentralized processing, which relies
on fusing local estimates, reduces the backhaul burden by mini-
mizing the need for sharing raw data. Nevertheless, it cannot
achieve coherent processing gain for tasks such as target localiza-
tion and velocity estimation, resulting in suboptimal performance
compared to centralized approaches. In contrast, centralized proc-
essing enables optimal receiver performance through joint proc-
essing of raw data but imposes significant demands on the
communication infrastructure for data aggregation. Therefore, the
design of distributed ISAC systems with multiple receivers must
carefully balance processing complexity and the achievable coop-
erative gain.

The distributed MIMO configuration employs both multiple
transmitters and multiple receivers to fully exploit cooperative
gains [20], [35], [36], [37]. This setup necessitates coordinated
transmission as well as data fusion across multiple receivers.
Notably, distributed MIMO ISAC can be implemented in two
distinct configurations, as illustrated in Fig. 2: a HD architecture
in which transmitters and receivers are fully separated, and a FD
configuration where collocated transceivers are spatially distrib-
uted across the network. While both configurations require simi-
lar coordination mechanisms for communication, their sensing
architectures differ. The fully separated setup forms a multistatic
sensing system composed of multiple bistatic links, whereas the
collocated transceiver setup combines monostatic and bistatic
sensing links. These structural differences lead to distinct sensing
performance characteristics, particularly in terms of synchroniza-
tion requirements and sensitivity to phase noise, as monostatic
and bistatic sensing links are differently affected by these impair-
ments. However, the FD operation inherently introduces transmit-
ter self-interference (SI) to the radar receivers, necessitating
effective SI suppression techniques to preserve sensing perfor-
mance [38]. The corresponding signal model and mitigating solu-
tions will be detailed in “Receiver System Model” section.
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FIG. 2. Distributed MIMO ISAC system configurations: (a) TX/RX-separated
architecture (HD): each BS transmits and receives in separate time slots,
forming multiple bistatic sensing links; and (b) TX/RX-collocated architec-
ture (FD): each BS transmits and receives simultaneously, combining mono-
and bistatic links.

Transmitter System Model

In this section, we present a transmit signal model for ISAC in
distributed and networked systems. Throughout the description
of the network-level ISAC system model, we focus on inte-
grated downlink communication and sensing, as the BS offers
a higher power budget suitable for sensing operations. Unlike
collocated single-node ISAC signaling, distributed ISAC sig-
naling depends heavily on the coordination strategy employed
among multiple nodes. Assuming that each node is equipped
with M, transmit antennas, we describe two signaling strate-
gies: CBF and joint transmission CoMP. As a general ISAC
signal model for cooperative ISAC systems, the transmit signal
atnoden,Vn=1,2,...,N, is expressed as

X, = VPEWESE + /WS (1)

where p¢ and p* denote the transmit powers allocated to com-
munication and sensing signals, respectively. The matrices
We € CM*K and W¢ € CM>M: represent the corresponding
precoding matrices for K users and U targets. S;, € C**L and
S) € CM*L denote the modulated communication signals and
sensing signals, respectively, with the block length of L. Note
that by setting p. or p, to zero, the above model results in a
joint ISAC transmission with a single signal component serv-
ing both sensing and communication [39].

In CBF, which primarily mitigates inter-node interference
(INT) for communication, each BS serves a distinct set of users.
As a result, the communication signals from different nodes
are uncorrelated, satisfying

E[S¢(SS)"] = Ok, Vn #m. 2)

On the other hand, joint transmission CoMP involves multiple
cooperating BSs transmitting the same data symbols to a typi-
cal user. In this case, the transmitted communication signals
are identical across nodes, satisfying
H

E[S,(S,)"] =Ikxk, Vn#m ©)
which implies S| =S5 = --- = S§.. The sensing signal S} and
its associated beamforming matrix W/ are designed to ensure
the desired distributed sensing performance, considering target
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detection, parameter estimation accuracy, and coordination
across nodes.

Receiver System Model

Communication Receiver Model

Based on the transmitter models for CBF and joint transmis-
sion CoMP, the received signal at a typical user k, equipped
with a single antenna, can be generally expressed as

N
Yer = 3 ldeal 0 X, + 204 )
n=1

where ||dy || denotes the distance between node n and user &,
o > 2 is the pathloss exponent, and h,i{n ~ CN(0,1),) repre-
sents the channel vector from node n to user k. The term z.
denotes the additive noise at the receiver. The desired commu-
nication signal depends on the adopted transmitter coordina-
tion scheme.

In the case of CBF, where each user is served by a desig-
nated node and transmissions from other nodes are treated as
interference, the received signal in (4), assuming that user & is
served by node 1 and each node serves K different users, can
be reformulated as

v oy
_ c o Wl
Yer =hy wigsiy + hy (X —wigsiy)

—— ——————

intended signal multi-user + radar interference

N
Y h Xtz )
n=2

inter-node interference
where we define flk,n as the channel vector including the path-
loss. Here, the INI acts as additive noise to the desired signal,
emphasizing the need for coordination among ISAC nodes to
manage interference effectively.

In contrast, the joint transmission CoMP strategy involves
all cooperative BSs transmitting the same data stream to the
user. Assuming that all N nodes cooperatively serve K users,
the received signal at the typical user k is then given by

N ~H
_ E e
Yer = hk,nwk,nsk
n=1

collaborative intended signal

N
D hy (X — W8 ek ©6)
n=1

multi-user + radar interference

In this case, the INI observed in CBF is transformed into a
collaborative signal component that constructively enhances
the received signal power and improves communication
performance. However, the gain achievable through joint trans-
mission is fundamentally limited by the level of phase synchro-
nization among distributed nodes. Additionally, this approach
requires significantly higher backhaul capacity to share the com-
mon data stream across all cooperating BSs. For further details
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on signal modeling including inter-cluster interference, the
reader is referred to [28] and [29].

Sensing Receiver Model

In the sensing receiver model, the radar signal is modeled as
passive reflections from targets induced by downlink transmis-
sions. Assuming that each ISAC BS is equipped with M,
receive antennas, the signal component relating to the target
echo received at node n from all transmitting nodes and
reflected by target u can be expressed as

N
Yi, =Y (Brnan(0;)(af,, (6,)Xudey ) ™
m=1

where a,,(0) € CM>1 and a,,,(0h) € CM>1 denote the
receive and transmit steering vectors at nodes n and m, respec-
tively. The coefficient 3, represents the complex amplitude
incorporating radar cross-section (RCS) and propagation path
loss. The matrix J.. ~denotes the temporal shift corresponding
to the round-trip deiay T, Of the echo reflected from target u,

following the formulation in [40].
The total signal received at node r, including SI, INI, and

reflections from all U targets, is expressed as
DS
Ys,n == Y + YINI,n,m + YSI,n +Zs,n (8)
u=1 " m=1 ~~

——— | — SI
target reflections INI
where YiNpom = Hﬁ{n,n’me represents the direct INI from node
m to node n, with Hinp,,, denoting the INI channel matrix.
The term Ygi, = Hg’l’”Xn denotes the SI at node n, where
Hgp, € CM>M: s the SI channel matrix. Finally, Z,, denotes
the additive noise at the sensing receiver of node n. The direct
INI can be mitigated through interference nulling techniques
[28] or canceled using prior knowledge of the INI channels.

Importantly, the fully separated architecture of distributed
ISAC, illustrated in Fig. 2(a), operates in an HD mode and is
inherently free from SI. In contrast, the FD distributed MIMO
configuration in Fig. 2(b) is subject to SI, which can signifi-
cantly degrade sensing performance if not properly mitigated
in both the RF and digital domains [38]. Digital SI cancelation
techniques at the radar receiver, such as CLEAN-like algo-
rithms and adaptive filtering, have been proposed to suppress
SI in the baseband domain [41], [42]. However, RF-domain
cancelation remains critical to prevent the saturation of the
LNA, necessitating more complex hardware implementations.
These include RF leakage cancelation circuits employing mul-
titap RF delay lines and vector modulators [43], [44].

Based on the level of signal fusion, receiver processing in
distributed ISAC systems can be categorized into two main
schemes: centralized and decentralized processing. In central-
ized processing, a central processing unit (CPU) collects raw
sensing data from all N receiving nodes to perform joint target
detection and parameter estimation. The collective received
signal is represented as

Y, =Y YL Y T 9)
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TABLE Il. Categorized performance metrics for network-level ISAC design

Category Metric

Mathematical Expression

Description/Reference

Sensing or communication
coverage

P, =Pr[SINR, >7,], x¢& {com,sen}

Communication or sensing SINR exceeding threshold
7y [27], [45], [46], [47], [48], [49], [50].

ISAC coverage

AP, [SINReom > eom] | AP [STNRwen > 75c,]

AUE + A AUE + A

Weighted joint coverage based on user/target density
[27], [53].

C Probabilit
overage Frobablity Joint localization and

communication coverage

Ppgc(€,€.) =Pr[CRLB < ¢, SINRgom > €]

Joint probability that localization error and
communication SINR meet required thresholds.

L-Localizability Probability

Pihery

PR S | L= S——
(e] Zit+1prhi’;ﬂ+N0 '

Probability that top £ strongest BSs meet localization
SINR requirement [51].

Ergodic rate

R, = E[log(1 + SINR,)]

Average data rate (com) or radar info rate (sen) [52].

Potential spectral efficiency

REE = Npslogy (14 7,)Ps

SE estimate based on SINR threshold and coverage
probability [52].

Spectral Efficiency

ISAC ergodic rate Risac =

AUE + A

AUERcom + AsRsen

Density-weighted joint ergodic rate for communication
and sensing [27].

Area spectral efficiency

K, x=com
TASE = Ny NRy, N, {

Spectral efficiency per unit area; K users or J targets

J, x=sen per cell [28].

Estimation accuracy CRLB, MSE, etc.

Elu(F)), E{(é - 9)2}

Average lower bound of parameter estimation error
[29], [54].

Information rate over power EE

Reom + Rsen

Sum rate divided by system power consumption [52],

Energy Efficiency consumption

" Phardware + Puransmit + Prechanic [55].

where the goal is to estimate the target parameters using the
aggregated signal observations from all nodes. This approach
enables coherent processing when the phase-level synchroniza-
tion is achieved and typically yields optimal performance in
terms of sensing accuracy. In contrast, decentralized process-
ing performs local target detection and estimation at each node
using Y, ,, Vn. The resulting local estimates are then fused at
the CPU to produce a refined output. While decentralized proc-
essing significantly reduces backhaul and computational over-
head compared to its centralized counterpart, it generally
yields suboptimal performance due to the lack of coherent gain
and is more susceptible to hardware impairments, such as syn-
chronization errors and phase noise.

PERFORMANCE ANALYSIS FOR INTERFERENCE
MANAGEMENT AND COOPERATIVE ISAC

Recent advances leveraging SG and information-theoretic
analyses have begun to characterize the fundamental trade-offs
in network-level ISAC [27], particularly among ASE, cover-
age probability, EE, and estimation accuracy, under constraints
on spatial degrees of freedom. To effectively address these
trade-offs, unified performance metrics, such as joint coverage
probability, ergodic rate, and potential spectral efficiency, need
to be carefully explored for guiding the design of adaptive
clustering, power control, and scheduling or joint resource
allocation strategies in network-level ISAC systems.

As summarized in Table II, various metrics can be used to
assess ISAC network performance. Service coverage probabil-
ity P, [27], [45], [46], [47], [48], [49], [50] and localizability
probability P, [51] quantify link availability under SINR con-
straints, while ergodic rate R, [52] and potential spectral effi-
ciency RPSE [52] reflect average and fixed-threshold throughput
performance in fading and threshold-based regimes. Area

70

spectral efficiency TfSE [28] and EE [52] evaluate spatial and
power resource utilization by measuring bits per unit area and
per unit energy, respectively. Finally, ISAC coverage [27],
[53] and ISAC ergodic rate [27] provide weighted joint met-
rics that seamlessly integrate communication and sensing per-
formance under varying network densities.

Basis for ISAC Network Performance Analysis

To evaluate the end-to-end performance of a dual-functional
sensing and communication network, one must capture the
spatial randomness of nodes, channels, and interference across
the entire region rather than isolated links; SG offers a natural
framework by modeling transmitter and receiver locations as
point processes [56]. This necessitates a paradigm shift from
classical communication-only SG to include targets and radar
parameters within the variables of the SG model and capture a
range of network-level ISAC metrics such as ISAC SINR dis-
tributions, coverage probabilities, detection rates, and false-
alarm probabilities can be derived, enabling a unified compari-
son of multiplexing gain, diversity gain, and interference-
nulling gain under varying network densities and channel
conditions.

Communication Performance Analysis

In ISAC-enabled cellular systems, interference management
via CBF and CoMP transmission plays a central role in deter-
mining end-user performance. By jointly designing transmitter
beamformer across neighboring BSs and allowing for dynamic
user association, the instantaneous signal-to-interference-plus-
noise ratio (SINR) at an arbitrary user can be analyzed accord-
ingly. Under a SG model in which BS locations follow a point
process, e.g., Poisson point process @y, the network-wide aver-
age data rate is obtained by taking the expectation of the
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instantaneous spectral efficiency over both the small-scale fad-
ing and the BS distribution

RC = Eq)b’gi[logz(l“v‘SINRcom)] (10)

where g; denotes the communication channel gain. A comple-
mentary and widely adopted performance metric is the com-
munication coverage probability, also known as the success
probability, which characterizes the probability that a user’s
SINR exceeds a preset threshold y needed for reliable decoding

P. = Pr[SINReom > 7). (11)

Here, the threshold y is chosen according to the minimum
required capacity. In practice, one can evaluate P, in closed-
form (or via tight bounds) by averaging the SINR distribution
induced by both CBF patterns and the spatial randomness of @,,.

Together, the coverage probability P, and the average rate
R, provide a comprehensive view of communication perfor-
mance under advanced interference-coordination schemes. In
subsequent sections, these metrics will be extended to jointly
capture sensing performance, leading to unified ISAC perfor-
mance measures.

Sensing Performance Analysis

Next, we consider three localization schemes, angle-of-arrival
(AOA), time-of-flight (TOF), and a hybrid AOA/TOF approach,
and show how the network’s average positioning performance
can be characterized via the expected CRLB.

For the AOA estimate at the receiver j, the covariance matrix
can be given by R, = E{y;(r)y/’(r)}, and perform an eigen-
decomposition to separate the s1gna1 and noise subspaces. The
MUSIC algorithm can be applied to this decomposition to gen-
erate a pseudospectrum, where the peak corresponds to the esti-
mated AOA. By measuring the AOAs of each monostatic link
and bistatic link, the target location can be estimated by maxi-
mum likelihood estimation (MLE) [57]. For the AOA measure-
ment of the bistatic link from the jth BS to the target and then to
the ith BS, we have the following:

N _ 1Yt =i a
0;j = tan " x,+ni=f'

(12)

In (12), n?J denotes the AOA measurement error. Here, G, is
the transmit beamforming gain, and ), represents the channel
power at the reference distance of 1 m. Then, we transform N>
AOA measurement links into the target location. Then, the
Fisher information matrix (FIM) of estimating the parameter
vector ¥, for the AOA-based MIMO radar considered is
equal to

sin®0; sin 0; cos 0;
cos?0; d? &
Fp =0, ’ l
A=l Z; 2d2 sin 0; cos 0; cos?0
Y &?
(13)

where |Cﬂ|2 denotes the common gain [1], d; represents the
distance from the BS i to the target. Given the random
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location of ISAC BSs, the expected CRLB for any unbiased
estimator of the target position is given by

CRLB, = Eg, g, [tr(F3')] (14)

where G, denotes the sensing beam gain. In (14), the expecta-
tion operation accounts for the randomness in the locations of
sensing BSs and the variability in beam power caused by user
channel fluctuations, thereby representing the average sens-
ing performance bound across the entire network.

For TOF measurement-based localization, from transmitter j
to the target and then to receiver i, the measured distance
between the jth transmitter and the ith receiver is given by

dj(ty)
= \/(xi —x,)2 + i — )’t)z + \/(xj —x,)2 + _yf)z + nlrj
(15)

where [x;,y;] and [x;, y,], respectively, denote the coordinates of
BS i and that of the target, n;; ~ N(0, 'h ). For the TOF-based
range estimation d; j» the matched ﬁltermg can be applied to
the received signal to correlate it with a replica of the transmit-
ted waveform. This process highlights peaks corresponding to
time delays caused by targets, which are then converted into
range estimates using the speed of light.

Then, the FIM of estimating the parameter vector y, for the
TOF measurement radar considered is equal to [58]

5 gl @ aibi
Fr = ()2 d;"d’ 16
St 5

i=1 j=
where a;; = cos 0; + cos 0;, b;; = sin0; +sin0;, and |{,] is the
common system gain term. Given the random location of
ISAC BSs, the expected CRLB for any unbiased estimator of
the target position is given by

CRLBg = Eq, 6, [tr(FR')].

a7

Incorporating both AOA and TOF measurements, rather
than relying solely on one type of AOA or TOF measurement,
can significantly enhance the accuracy and reliability of the
localization system, namely the hybrid localization method. It
is assumed that the AOA estimation errors and the TOF esti-
mation errors are uncorrelated. Using both AOA and TOF
measurements, the expected CRLB for any unbiased estimator
of the target position is given by

CRLBy = Eq, ¢, [tr((Fa + Fr) ™). (18)

Interference Management

Recent studies show that interference management objectives
diverge between communication and sensing. In communica-
tion, advanced coordination and beamforming enhance spectral
efficiency and user fairness [59], [60], while sensing emphasizes
detection reliability via spatial filtering and nulling to suppress
strong interferers [61], [62], [63], and even explores the possibil-
ity of exploiting interference constructively to enable multistatic
sensing under appropriate synchronization conditions. BSs in

7
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FIG. 3. Interference management and cooperative ISAC. (a) CBF for interfer-
ence nulling. (b) Cooperative sensing and communication.

the cooperative ISAC cluster exchange only CSI over dedicated
backhaul links, enabling interference-nulling beamformer, such
as zero-forcing or MMSE, to steer sensing beams into the null
spaces of both user and sensing-receiver channels [see Fig. 3(a)].
By exploiting extra spatial dimensions at each BS, this approach
creates spatial nulls toward selected out-of-cell ISAC nodes or
users, effectively suppressing dominant inter-cell interference
without sharing any user or target data. Of course, achieving
such nulling requires a surplus of antennas at the BS.

It was shown in [28] that interference nulling can significantly
boost both average communication rate and sensing accuracy. In
fact, if one simply maximizes ASE, defined as the number of
served users times their average throughput, the optimization will
typically favor using all spatial degrees of freedom for multiplex-
ing and diversity, foregoing nulling altogether. In contrast, when
optimizing for sensing, the solution shifts toward allocating spa-
tial resources to cancel BS-to-BS interference, since echo recep-
tion becomes interference-limited in antenna-rich deployments.

To capture the full tradeoff between communication
ASE and sensing ASE under a spatial-DoF constraint,
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Meng et al. [28] introduce the S—C ASE region, which we
now define formally

Cos(K, L, J, Q) 2 {(Fer Fy) : e S TASF 7y < TPSE

KL+J(Q—-1) <M, J <Jnwx} (19

where (7.,75) represents an achievable S&C performance
pair. Q and L, respectively, denote the number of BSs
involved for CBF of sensing and communication, and J
and K, respectively, denote the number of targets and users
served in each cell.

Moreover, another metric of ISAC networks, i.e., the sum
ASE, is defined as a function of the S&C rates and given by

TAS = pT2SE + (1= p)TF (20)

which represents the total ASE of the ISAC network. Simi-
larly, we can optimize the total ASE TASE to illustrate that the
spectral efficiency of ISAC networks is effectively improved
compared to sensing-only and communication-only networks.
In (20), p represents the weighting factor of S&C performance.
The problem formulation can be expressed as

TASE

1R 21
st. KL+J(Q-1)<M, (21a)
J,K,Q,L>1 (21b)
J < Jmax- (21c)

It is not difficult to prove that the S-C performance boundary is
a convex region, and then the optimal total ASE can be
obtained by searching the ASE of the boundary point.

Fig. 4(a) illustrates how imposing minimum cluster-size
requirements, L > Lth and Q > Qth, to guarantee S&C quality
constrains the achievable network performance envelope. As
these thresholds are raised, the feasible region for the optimiza-
tion variables L and Q shrinks, so the maximum ASE that can
be supported falls accordingly. Moreover, the relative benefit
of our cooperative design over a simple time-sharing baseline
steadily declines under tighter link-quality demands: our
scheme’s extra throughput comes from selectively relaxing
S&C quality on some links to boost overall scheduling effi-
ciency, but stricter Lth and Qth preclude this tradeoff and thus
cap the collaboration gain.

Multipoint Transmission and Multistatic Radar

Signal-level cooperation in ISAC networks can be imple-
mented in either coherent or noncoherent modes for both com-
munication and sensing. For example, the scheme in [29]
[Fig. 2(b)] works in a noncoherent manner, where the sizes of
CoMP and sensing clusters are dynamically selected to maxi-
mize joint performance under realistic backhaul constraints. A
complementary analysis in [29] shows that the network-
average CRLB scales as O(In* N) with N cooperating trans-
ceivers, improving accuracy but falling short of the N? geo-
metric gain of an ideal distributed radar due to path-loss from
distant nodes. Finally, because each BS must relay both user
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data and echo measurements over a shared, capacity-limited
backhaul link, enlarging the cooperative cluster size entails a
backhaul-load penalty. This creates an inherent tradeoff:
larger clusters boost S&C performance but increase backhaul
traffic, requiring careful cluster-dimensioning in practical
ISAC deployments

R: + e X N < Cackhaul (22)

where R, is the average data rate. The variable e represents
the data rate required for the sensing cooperation, i.e., for
sending preprocessed results (i.e., auto-correlation of the sig-
nal {s! }fv: | transmitted by each BS), and Cyacknaul denotes the
backhaul capacity limitation. Since N BSs are coordinated for
positioning, each BS should apply matched filtering to N
sensing data signals {s! },1, resulting in a total amount of
processed data given by N X e.

To strike a flexible tradeoff between the S&C performance
at the network level, we aim for optimizing the cooperative
cluster sizes of S&C under the above backhaul capacity con-
straints. Our approach focuses on an analytical method for
determining the optimal cooperative cluster sizes. This makes
it more practically appealing compared to existing clustering
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TABLE lil. Localization method comparisons [64]

Localization Time Accuracy CRLB
Method Synchronization Factors Scaling Law*
Angle No Array aperture size L
measurement Array orientation InN

1
Range Yes Bandwidth -
measurement In° N
Hybrid Yes All above 1
measurement aln®>N+bInN

Note: * N denotes the number of BSs in the cooperative sensing cluster under
PPP distribution. @ and b denote the parameters of TOF measurements and
AOA measurements, respectively.

schemes employing iterative algorithms, which are more complex
and computationally heavy. The optimal cluster parameter can be
readily calculated offline from the prior knowledge of the BS
load, the ratio of BSs to user densities, and path loss exponents.

Regarding sensing performance, Meng et al. [64] investigate
three localization methods: AOA based, TOF based, and a
hybrid approach combining both AOA and TOF measure-
ments, for critically appraising their effects on ISAC network
performance, as summarized in Table III. Our analysis shows
that in networks having N ISAC nodes following a Poisson
point process, the localization accuracy of TOF-based methods
follows a In> N scaling law (explicitly, the CRLB reduces with
In’> N). The AOA-based methods follow a InN scaling law,
while the hybrid methods scale as aln* N +blIn N, where a
and b represent parameters related to TOF and AOA measure-
ments, respectively. The difference between these scaling laws
arises from the distinct ways in which measurement results are
converted into the target location. Specifically, when convert-
ing AOA measurements to the target location, the localization
error introduced during this conversion is inversely proportional
to the distance between the BS and the target, leading to a more
significant reduction in accuracy as the number of transceivers
increases. In contrast, TOF-based localization avoids such
distance-dependent errors in the conversion process.

Fig. 4(b) evaluates localization accuracy with transmit and
receive antenna densities fixed at \; = A\, =50 km™2, noise
power 2 = —100 dB, and bandwidth B = 10 MHz. In the leg-
end, “P” denotes a per-base-station power cap, so each BS
radiates the same total power irrespective of its antenna count,
whereas “M; - P” scales each BS’s total transmit power in pro-
portion to its number of antennas, keeping the network’s
aggregate power constant over the cooperation area. Under the
fixed-P constraint, both the TOF-only and hybrid AOA/TOF
schemes achieve their lowest average CRLB when antennas
are fully distributed across all BSs. In contrast, the AOA-only
method attains optimal performance by concentrating roughly
eight BSs per km?, thereby exploiting coherent phase com-
bining. When power scales with M,, the TOF and hybrid
approaches shift to a hybrid deployment, combining central-
ized arrays for beamforming gain with distributed nodes for
macrodiversity, striking a balance that neither extreme alone
can achieve. At their respective optima, the hybrid scheme
shrinks the localization error to just 1.3% of the AOA-only
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error and 28.8% of the TOF-only error, underscoring its
robustness across different backhaul power models.

Building on the performance analysis of network-level
ISAC, it is evident that increasing the network size yields scal-
able improvements in S&C performance. However, these gains
come at the cost of higher system complexity and increased
backhaul load. Key challenges include the design of ISAC sig-
naling, time-frequency synchronization, and fusion of received
signals for sensing. Therefore, a holistic system-level design is
essential to balance performance with practical implementation
constraints. The following sections present detailed discus-
sions on signaling design and synchronization for network-
level ISAC systems.

COOPERATIVE SIGNALING DESIGN FOR COHERENT
AND NONCOHERENT DISTRIBUTED ISAC

This section addresses the signaling design considerations for
enabling cooperative sensing and communication functionali-
ties in distributed ISAC systems. In contrast to ISAC signaling
design in collocated single-node systems [65], [66], [67],
where sensing performance is primarily driven by spatial
beamforming of radar waveforms, the target localization accu-
racy in distributed MIMO sensing depends on both TOF and
AOA estimation performance. Similarly, the performance of
cooperative communication is influenced by the signaling
strategies employed across distributed ISAC nodes, such as
CBF and joint transmission CoMP. As a result, transmit signal-
ing design in distributed ISAC systems must carefully balance
sensing and communication requirements, while leveraging
the unique opportunities and addressing the inherent chal-
lenges posed by the spatial separation of transceivers. Addi-
tionally, signaling design complexity is a critical factor in
network-level ISAC, as high-complexity schemes can intro-
duce significant latency in large-scale ISAC networks.

Communication Performance Metric for Signaling Design
As a key performance metric for cooperative communication
design, we introduce the SINR at the typical user. SINR has
been widely adopted in existing cooperative ISAC signaling
designs and can be further extended to evaluate other metrics
such as spectral efficiency or sum-rate. Notably, it reveals that
the SINR metric has different formation depending on the
cooperation scheme and phase-coherency among ISAC nodes.
Therefore, the proper selection of the metric yields the signal-
ing design along different system-level coordination and coop-
eration schemes.

CBF

For instance, in CBF mode, where INI is treated as a harmful
signal to the typical user, as shown in (5), the resulting com-
munication SINR is affected by multiuser interference, INI,
and interference from sensing signals. Although this approach
is suboptimal compared to cooperative communication via
joint transmission, it has been widely adopted in cooperative
signaling designs [35], [68], [69], [70], [71], [72] due to its
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lower complexity in inter-node information sharing and reduced
requirements for time-frequency synchronization. The SINR of
user k served by ISAC node 1 for CBF is expressed as

~H 2
|hk,lWlL<,1|

N g H 2 ~H 2
D one g Xl = [y wi |7+ o

YcBx = (23)

where ¢? is the noise power at the communication user receiver.
It can be observed that, in CBF, all signals except for the dedi-
cated data signal from node 1 act as interfering signals at the
typical user [68]. It is worth noting that while CBF inherently
avoids the need for transmit data sharing among ISAC transmit-
ters, it is not entirely free from data exchange requirements in
the perspective of sensing. Specifically, the transmitted signals
may need to be shared with designated sensing receivers for
demodulating sensing target channels or collecting raw data at a
CPU, potentially introducing additional data sharing overhead.

Noncoherent Joint Transmission

A noncoherent joint transmission scheme can be considered,
which does not require phase-level synchronization among
ISAC nodes. As a result, it is robust to phase mismatches
and hardware imperfections across distributed nodes. In this
approach, the useful communication signals transmitted by
cooperative ISAC nodes are noncoherently combined at the
user receiver, corresponding to a power combining of multiple
transmitted signals [37], [73], [74], [75], [76]. The resulting
SINR for user k under noncoherent joint transmission is
expressed as

N o H 2
Zn:l |hk,nwz,n|

N i H 2 ~H 2 ’
Zn:1(|hk,nxn| - |hk,nwi,n| ) + O-g

YNCIT,k = 24)

It can be observed that the transmitted sensing signals and mul-
tiuser interference from all ISAC nodes are noncoherently
combined at the receiver, resulting in an increased interference
power.

Coherent Joint Transmission

The coherent joint transmission CoMP scheme, where multiple
nodes collaboratively serve a common user, leverages signal
combining gain by achieving phase-level synchronization across
the ISAC network. Although acquiring tight synchronization is
challenging, this cooperative approach offers the optimal coop-
eration gain for communication performance. Coherent joint
transmission is widely adopted in cell-free ISAC systems and in
scenarios involving multiple BS cooperation rather than mere
coordination [77], [78], [79], [80], [81], [82]. For coherent joint
transmission, the SINR for user k is given by

|Zilv:l l~lllc.{nvvi,n |2

N H 2 N H .2 '
|Zn:1 hk,an| - |Zn:1 hk,nwlcc,n| + O-g

Yotk = (25)

While coherent cooperation can theoretically achieve opti-
mal performance under perfect phase synchronization, prac-
tical implementation remains challenging. In widely separated
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may differ from the actual CSI h,, due to hardware i 1mpa1r-
ments such as phase noise. Consequently, the SINR expression
in (25) represents an upper bound performance achievable
under the assumption of perfect CSI and ideal synchronization
across the ISAC network.

Sensing Performance Metric for Signaling Design

For distributed ISAC signaling design, the sensing metric must
be carefully selected to leverage the unique opportunities
offered by distributed radar, enhancing target detection and
localization performance through increased spatial diversity.
While the target detection probability [68], [83], [84] and the
SINR for the target [78], [80] can also serve as a sensing per-
formance metric in cooperative signaling design for distributed
ISAC, this section introduces the target localization accuracy
of coherent and noncoherent MIMO sensing.

Localization CRLB for Noncoherent MIMO Sensing

For the noncoherent case, one can leverage TOF and AOA
information to localize targets based on individual node meas-
urements, similar to the hybrid localization approach discussed
in “Sensing Performance Analysis” section. Let ‘¥ represents
the set of all real-valued unknown parameters, given by
= [07. 7. b, b)) € REUNF2UN)XI \yhere 7 and @ are the
collectlon of TOF and AOA parameters, and b = [[f{’l, ﬁil,...,
e BY AT € CUNT with br =Re(b) and by = Im(b).
Since both # and 7 contribute to estimating target positions in
Cartesian coordinates, we alternatively define the parameter
vector as ©,,. = [x”.y7. bl b7]" € REUVH2UX1 - where x =
[xl,)Cg, ...,xU]T S R and y= b)l,yz,...,yU]T € RKXI. Thus,
the CRLB for target localization in the noncoherent case is
obtained from the FIM with respect to ®,,., expressed as

CRLB, = tr(F.1(©,.)). (26)

It is noted that the complex amplitudes f3, ,, act as nuisance
parameters and do not directly affect target localization in non-
coherent distributed MIMO radar sensing. A detailed deriva-
tion of the CRLB can be found in [37] and [85].

Localization CRLB for Coherent MIMO Sensing

The coherent processing of distributed ISAC systems assumes
phase synchronization among ISAC nodes, enabling the exploi-
tation of additional delay-dependent phase information embed-
ded in the target complex amplitude f3,,, [86]. To derive the
CRLB for coherent localization, the complex amplitude term is
appropriately reformulated. Assuming the signal bandwidth is
much smaller than the carrier frequency f., the complex ampli-
tude can be approximated as

= |By e (27)

where |}, | denotes the average magnitude of the reflection
from target u. In this case, the TOF information embedded in
the phase of 8, contributes to localization, providing a coher-
ent gain proportional to f,. Accordingly, the FIM differs from
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the noncoherent case, where the unknown parameters are given by
O = [XT’YT,b(T:g:]T € ROV 2V with bee = (181|181

o Bl ﬁﬁ,”NH . Thus, the CRLB for coherent localization
is given by

CRLB,, = tr(F. (O)). (28)

The detailed derivation of the coherent CRLB can be found in
[58] and [85].

S&C Tradeoff Design in Distributed ISAC

Building on the communication and sensing metrics, distributed
ISAC signaling can be designed by formulating a conventional
CRB minimization problem under communication SINR con-
straints [37], [65]. This can be generally expressed as the fol-
lowing optimization problem under a per-antenna power
constraint Pr:

minimize tr([F(®)]™") (29a)

{Xn}nzl,z,.,.,N

s.t. R, ]mm <Pr, Vnm (29b)
w=>Te,  Vk (29¢)

where R, = E[X,X”] denotes the transmit covariance matrix
at node n, and m indexes the antennas at each node. The
SINR for each user must satisfy the threshold I'., ensuring
that sensing operations do not compromise the communication
quality of service (QoS). The communication metric can also
be readily modified from an SINR constraint to a sum-rate
constraint, depending on system requirements. Furthermore,
the problem can alternatively be formulated as a weighted-
sum design of S&C performance, as discussed in [69]. The
formulated signaling design problem can be addressed under
various signaling conditions, which will be discussed in the
following section.

Beamforming Optimization

With the CRB-SINR tradeoff designs, several works have
been reported on beamforming optimization for distributed
ISAC signaling [35], [69], [77], [87]. These solutions typically
exploit optimization techniques such as semidefinite relaxation
(SDR) relaxing the rank-one constraint on beamforming matri-
ces and successive convex approximation (SCA) to overcome
the nonconvexity of the original problem formulation. Notably,
the works in [35] and [77] extend conventional beamforming
designs by introducing time-asynchronous errors into the target
localization CRB in the formulated problem (29). By con-
structing a hybrid CRB that incorporates the prior statistics of
timing errors, they offer robust signaling designs capable of
mitigating the impact of imperfect time synchronization across
distributed ISAC nodes. Such approaches are crucial for practi-
cal implementations where tight network-wide synchroniza-
tion is difficult to maintain. For detailed ISAC signaling
optimization techniques, we refer readers to [35] and [69].

75



HAN et al.: NETWORK-LEVEL ISAC DESIGN: STATE-OF-THE-ART, CHALLENGES, AND OPPORTUNITIES

Joint TOF-AOA Optimization

The study in [37] presented a signaling strategy aimed at
improving target localization accuracy through the optimiza-
tion of per-subcarrier transmissions, altering the communica-
tion constraint in (29). It enables the joint estimation of TOF
and AOA parameters. Focusing on OFDM-based distributed
ISAC systems, it demonstrates that optimal target localization
necessitates a dedicated per-subcarrier signal design. In addi-
tion, the work addresses the complexity challenges posed by
per-subcarrier optimization by introducing methods to main-
tain signal orthogonality across multiple ISAC nodes, effec-
tively reducing the design burden. Three signaling schemes are
introduced: an optimal design that delivers the highest localiza-
tion accuracy at the cost of significant computational complex-
ity, an orthogonal design that simplifies implementation by
enforcing inter-node signal orthogonality, and a beamforming-
only design that further lowers complexity by prioritizing
AOA estimation accuracy. These strategies offer practical and
flexible solutions for distributed ISAC systems, enabling a
favorable balance between sensing performance and imple-
mentation complexity. Readers can find more in-depth proce-
dures on joint TOF-AOA optimized ISAC signaling solutions
in [37].

Symbol-Level Precoding

The work in [69] presents a symbol-level precoding strategy
for CBF and joint transmission CoMP in a multicell setting.
Unlike fully distributed sensing systems, it concentrates on
bistatic sensing scenarios, where the CRLB associated with
problem (29) is adapted to focus the AOA estimation CRB in
bistatic configurations. In addition, the conventional communi-
cation SINR constraint is modified to match the symbol-level
precoding framework, offering improved communication reli-
ability compared to the block-level precoding used in (29).
The resulting optimization problem is tackled using SDR and
alternating optimization techniques (see details in [69]). It is
demonstrated that integrating CoMP-based cooperative trans-
mission or CBF with symbol-level precoding significantly
enhances ISAC performance in distributed setups. For more
details on symbol-level precoding, readers are referred to [88].

OVER-THE-AIR SYNCHRONIZATION TECHNIQUES FOR
DISTRIBUTED ISAC

Throughout the performance analysis of network-level ISAC,
it has been consistently observed that distributed cooperation
significantly enhances both communication and sensing capa-
bilities. However, the achievable performance gains are fun-
damentally constrained by practical system limitations,
particularly the difficulty of achieving precise time and fre-
quency synchronization across distributed nodes. These chal-
lenges primarily stem from hardware impairments, including
clock jitter in transmit/receive triggering and phase noise in sig-
nal sources [89], [90]. Such impairments introduce inconsisten-
cies across the ISAC network, undermining the coherence
required for effective distributed ISAC operations.

76

Maintaining synchronization among physically separated
nodes via over-the-air transmissions remains highly challeng-
ing, largely due to the dependency on reliable line-of-sight
(LoS) links and the constraints imposed by limited SNR. For
example, global navigation satellite systems (GNSSs), such as
GPS, can provide timing and frequency synchronization with
an accuracy on the order of 100 ns [91]. Nonetheless, GNSS-
based solutions typically perform poorly in indoor or dense
urban environments [92], and the synchronization precision
they offer is insufficient for distributed ISAC systems targeting
centimeter-level localization accuracy, requiring picoseconds-
level synchronization [93], [94]. Therefore, achieving finer
synchronization remains a critical bottleneck for fully realizing
the cooperative gains of networked ISAC. In this section, we
focus on over-the-air synchronization methods specifically
tailored for distributed ISAC systems, aiming to overcome
these practical challenges and enable high-precision, scalable
network-level cooperation.

Over-the-Air Synchronization: Bistatic Case

Although bistatic ISAC systems (with N =2 nodes, TX/RX
separation) represent a simplified form of distributed sensing
systems (with N > 2), they are also practical and widely appli-
cable in real-world deployments [95]. Moreover, many distrib-
uted ISAC systems can be modeled as a set of interconnected
bistatic links [96], implying that synchronization algorithms
developed for bistatic systems can provide valuable insights
and even serve as baseline solutions for more general distrib-
uted asynchronous ISAC systems.

In bistatic configurations, the non-colocated transmitter and
receiver operate with independent oscillators, which inevitably
introduce carrier frequency offset (CFO) and time offset (TO)
into signals due to hardware imperfections, temperature varia-
tions, and other factors. The CFO and TO offsets result in
velocity and range sensing ambiguities, respectively [97], sig-
nificantly degrading the system’s sensing accuracy [98]. Spe-
cifically, with the TO and CFO between nodes, (7) can be
reformulated as

N
Yy, =D (B ara(0,)(a],, (0,)XuPy Py Py ) (30)
m=1
where Py: , P, ,and P —are diagonal matrices representing
the phase shifts Caused by the TO A, - the CFO Az,m between
the nth and mth nodes, and the round-trip delay ;. respec-
tively. Particularly, the /th element of the diagonal vector of
Py , Py , and P. are Bt D802 and el
resgéctivélrgf, where (/51 and ¢, are constant parameters. It is
important to note that the TO and CFO equal zero when
m = n. Therefore, for clarity, we only focus on the bistatic pas-
sive sensing, where the first node transmits and the second
node receives the signal. To mitigate the impact of CFO and
TO to ensure reliable sensing performance, four primary types
of synchronization schemes have been proposed for bistatic
systems.
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Cross-Antenna-Based Synchronization

The first type extracts CFO and TO by utilizing signal (or CSI)
division and cross correlation (CC) across different receive
antennas, as exemplified by the CSI-ratio-based scheme [99],
[100], [101] and the cross-antenna cross-correlation (CACC)
method [97], [102]. Both approaches utilize the signal received
by a reference antenna as a designated “reference signal for
synchronization.”

To illustrate the core operation of CACC, we formulate Y
in (8) as

SZ_YLOS+Z YuNLOS )+ Zs, 31)
where Y05 and Y% denote the LOS and NLOS signal
components, respectively. Then, performing CC between differ-
ent rows of Y, yields several terms: the CC of LOS compo-
nents, cross-terms between LOS and NLOS, CC among NLOS
components, and noise. Since the static LOS component typi-
cally has much higher power than the dynamic NLOS compo-
nents, the NLOS-NLOS correlation term can be neglected, and
the LOS-LOS term appears as a constant. In the LOS-NLOS
cross term, the shared phase shift caused by TO and CFO can-
cels out the effect of Py ~and P A allowing the time delay
and velocity to be extracted. However, CACC is only applicable
in LOS scenarios with multiple antennas.

The CSl-ratio-based scheme leverages the division of CSI
across antennas to form a Mobius transform regarding the
phase shift induced by moving targets [99]. Due to the proper-
ties of Mobius transforms, when the phase shift varies with the
target’s motion, the transform traces a circular trajectory on the
complex plane. The displacement and velocity can then be esti-
mated by analyzing the angular velocity and phase evolution
of this trajectory. Thanks to the properties of Mobius trans-
forms, this method is applicable in any scenario with a static
path. However, it only supports displacement estimation and
does not enable full target localization.

Path-Resolved Synchronization

The second type addresses CFO and TO by separating received
signals into dynamic and static components using high-angular-
resolution antenna arrays or high-complexity path separation
algorithm [95], [103], [104], [105]. Once the signal paths are
separated, TO and CFO can, in principle, be estimated from the
static-path signals and subsequently used to compensate the
dynamic-path signals. This approach effectively mitigates syn-
chronization errors. However, it requires arrays with very high
angular resolution to distinguish between individual paths,
which pose significant challenges for practical deployment.

Fingerprint-Based Synchronization

The third type estimates CFO and TO by leveraging the delay-
Doppler spectrum of signals reflected from static objects, treat-
ing it as an environment-specific fingerprint spectrum [106],
[107]. This spectrum is uniquely determined by the spatial dis-
tribution of static objects in a given environment, akin to a
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FIG. 5. Fingerprint spectrum realization [106]. The red and black lines repre-
sent the fingerprint spectra at times #; and &, respectively. The peaks corre-
sponding to static objects on the velocity-axis appear around 5 m/s due to
the velocity ambiguity induced by CFO.

fingerprint. An intuitive illustration of such a fingerprint spec-
trum for a specific environment is shown in Fig. 5. Notably,
the fingerprint spectrum exhibits a 2-D circular shift property
within the delay-Doppler spectrum matrix, where variations in
TO and CFO cause circular shifts along the row (delay) and
column (Doppler) dimensions, respectively. Based on this
property, CFO and TO can be accurately estimated by per-
forming cross correlation between the fingerprint spectrum
vector and the full delay-Doppler spectrum matrix acquired at
different time instants.

For clarity, we denote the fingerprint spectrum vector at
time 7, as f& C'°2, and the full delay-Doppler spectrum
matrix at time #, as Z € C“*% where a specific row of Z rep-
resents the fingerprint spectrum at #,. Then, the TO A;ym and
CFO A{Z’m can be estimated as

A, Al N d
n,m’ n,m = max Z [ (q+p) 1’1120 GZ]ﬁ*[p]
FR TR LLq =1 |ﬁ|
Gy and g=1,...,G;

for i=1,.., (32)

where Fr and Ty are the constants related to the number of
rows and columns of the delay-Doppler matrix. This method
achieves high-precision CFO and TO estimation under both
LOS and NLOS conditions, as well as in single- and multi-
target scenarios, demonstrating strong applicability. Fig. 6
compares the performance of the fingerprint spectrum-based
synchronization with the CACC scheme in OFDM ISAC sys-
tems. However, a key limitation of the fingerprint spectrum
approach is the relatively complex process of acquiring accu-
rate fingerprints in practical deployment scenarios.

Cooperation-Based Synchronization

This type estimates CFO and TO by exploiting the cross corre-
lation between active and passive sensing echoes in bistatic
scenarios with joint active and passive sensing [108], [109].
The authors treat the active sensing echo, whose TO and CFO
are zero, as a reference. By comparing it with the passive
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FIG. 6. Range estimation performance comparison between the fingerprint-
based scheme and the CACC method under asynchronous ISAC systems
with different numbers of subcarriers.

sensing echo, which suffers from unknown TO and CFO, the
algorithm can identify and estimate these offsets based on the
phase discrepancies between the two. This scheme is robust in
NLOS scenarios. However, to ensure accurate synchroniza-
tion, the active and passive sensing operations must be con-
ducted over different frequency bands, and the receiving
power of the active sensing echo and the passive sensing echo
should be close.

Over-the-Air Synchronization: Distributed Case
Extending the concept of bistatic synchronization, it is recog-
nized that the sensing capabilities inherent in ISAC systems
provide a novel opportunity to achieve synchronization among
asynchronous nodes without a direct LOS link. Unlike conven-
tional bistatic ISAC scenarios, distributed ISAC systems with
collocated transceivers [as illustrated in Fig. 2(b)] can leverage
pairwise bistatic links formed through reflections from multi-
ple objects or scatterers in the environment. This unique fea-
ture offers an additional advantage for distributed ISAC,
enabling enhanced synchronization performance by exploiting
naturally occurring environmental reflections.

The approach introduced in [110] exploits the observation
that when two nodes independently sense the same objects
from different spatial locations, the resulting TO and CFO
exhibit a reciprocal relationship. Specifically, these offsets are
equal in magnitude but opposite in sign, as illustrated in Fig. 7.
This behavior, known as offset reciprocity (OR), serves as the
foundation for a high-accuracy synchronization framework.
The OR property in distributed ISAC systems can be mathe-
matically expressed as

A=A, (33)

N, =-N,, (34)

where A;)m and A{Lm represent the TO and CFO between
nodes n and m measured at the receiving node n, respectively.
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FIG. 8. Performance gains of distributed ISAC (D-ISAC) systems employing
various synchronization methods, compared to a conventional single-node

ISAC baseline. M represents the number of transmit antennas at each ISAC
node.

By utilizing the OR property, TO and CFO between node
pairs can be determined without prior knowledge of either
the targets’ positions or the ISAC nodes’ locations, making
the method highly adaptable and scalable for distributed
ISAC systems. Furthermore, it enables the efficient imple-
mentation of super-resolution offset estimation. This tech-
nique for distributed ISAC improves synchronization accuracy
without relying on dedicated reference signals, providing a
practical and efficient solution for large-scale distributed ISAC
networks.

The ISAC tradeoff performance resulting from different
synchronization techniques supports the analysis, as illustrated
in Fig. 8, where spectral CC denotes the on-grid offset estima-
tion with FFTs [111], [112] and SOE-MP represents the super-
resolution offset estimation through matrix pencil method with
OR property. It is observed that decentralized processing is
highly sensitive to TOs between ISAC nodes. This is because
only a single monostatic link cannot effectively compensate
for bistatic measurement errors, leading to degraded localization
accuracy. Moreover, distributed ISAC performance relying on
synchronization through spectral cross correlation exhibits a
noticeable performance gap compared to the ideal case without
synchronization impairments. This underscores the advantage of
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the super-resolution offset estimation techniques, which enable
fine-grained offset estimation and thereby improve synchroniza-
tion accuracy.

Finally, distributed ISAC enhances target localization by
exploiting spatial diversity through distributed MIMO radar
architectures but remains vulnerable to synchronization inaccu-
racies. A comparison between noncoherent distributed ISAC
and a single-node collocated ISAC system reveals that, when
each node is equipped with the same number of antennas, dis-
tributed ISAC achieves superior localization accuracy and SINR
through power combining effects. However, when considering a
single-node ISAC system with an equivalent total number of
antennas across all nodes, the single-node system achieves
higher SINR due to coherent combining gain. While distributed
ISAC benefits from spatial diversity, synchronization based on
spectral cross correlation (with 250 ps accuracy) limits its ability
to outperform the single-node system. In contrast, the SOE-MP
technique, achieving 10 ps synchronization accuracy, enables
distributed ISAC to fully exploit cooperative sensing gains,
even under decentralized processing. Last, it is important to note
that increasing node density affects overall synchronization per-
formance in ISAC networks; a detailed analysis of this impact
can be found in [110].

OPEN CHALLENGES AND FUTURE DIRECTIONS

In this section, we highlight open challenges and future direc-
tions in network-level ISAC design and the practical imple-
mentation of distributed ISAC systems.

Phase Synchronization for Coherent ISAC Cooperation
Recent frameworks developed for distributed network-level
ISAC cooperation, including cell-free ISAC systems, largely
overlook the impact of phase misalignment. Achieving phase
coherence is critical for maximizing cooperative gains in both
communication and sensing [86], [113]. However, realizing
practical phase synchronization remains highly challenging.
One primary difficulty stems from the requirement that perfect
time and frequency synchronization must be established before
phase alignment can be maintained. Furthermore, the use of
independent oscillators at each node introduces phase noise,
leading to time-varying phase offsets that hinder stable, long-
term coherent operation. Therefore, achieving fully coherent
network-level ISAC requires careful consideration of both
signal processing techniques and hardware impairments.
Despite these challenges, coherent transmission and processing
offer significant performance advantages over noncoherent
approaches, motivating continued efforts toward achieving
phase-synchronized network-level ISAC designs.

Low-Complexity Signaling Design and Processing

Another major challenge in network-level ISAC design lies in
the high complexity of centralized signaling and the substantial
backhaul capacity requirements associated with centralized
signal processing. While centralized coordination can theoreti-
cally achieve optimal performance for distributed ISAC
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systems, it often leads to degraded system efficiency and
increased latency due to the extensive data exchange between
nodes. Consequently, the practical deployment of networked
ISAC demands decentralized (or local) signaling design at the
transmitters and sensing signal processing at the receivers
[114]. In this context, the integration of artificial intelligence
(AI) techniques, such as model-based learning and federated
learning, offers promising avenues to enhance decentralized
signaling and processing. Additionally, semantic ISAC enables
achieving meaningful information transmission in a more effi-
cient way as well as reducing the burdens of the radar sensing
data fusion [115]. These approaches enable distributed nodes
to achieve reliable cooperative gains while alleviating commu-
nication and computational overhead, thus improving the scal-
ability and practicality of distributed ISAC systems.

Secure Network-Level ISAC Designs

ISAC systems face inherent challenges related to physical
layer security (PLS) [116], while simultaneously offering
new opportunities for developing PLS solutions [117], [118].
Although initial research has explored secure link-level ISAC
by jointly designing sensing and secure communication func-
tions, the development of secure cooperative ISAC systems
remains an open challenge. In particular, secure ISAC perfor-
mance at the network level, where distributed nodes cooperate,
has not yet been thoroughly investigated. Moreover, unlike tra-
ditional communication-only systems, ISAC introduces unique
vulnerabilities associated with sensing security [83], [119],
which are still underexplored within current secure ISAC frame-
works. Consequently, leveraging cooperation among distributed
ISAC nodes may provide breakthroughs not only in enhancing
data confidentiality but also in improving sensing security, open-
ing new directions for secure network-level ISAC designs.

Imaging With Network-Level Distributed ISAC

One key application of wireless sensing is the generation and
reconstruction of images of objects and environments, a task
traditionally studied in the context of electromagnetic (EM)
imaging [120], [121]. Achieving high-resolution and high-
precision imaging requires accurate measurements, which can
be effectively supported by network-level ISAC combined
with techniques such as computational imaging, image recon-
struction, and tomography [122], [123], [124]. While these
methods are well established in radar and imaging systems,
their integration within ISAC frameworks remains underex-
plored. Advancing imaging capabilities through network-level
ISAC presents a promising research direction that could enable
novel applications such as surveillance, security, and health-
care in next-generation wireless communication systems.

CONCLUSION

This article has provided a comprehensive overview of
network-level ISAC system design, an emerging research direc-
tion in the ISAC field. We reviewed recent advancements in
network-level ISAC, focusing on cooperative schemes and
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distributed system architectures. The performance characteris-
tics of networked ISAC systems were then analyzed, offering

new

insights into interference management and cooperative

ISAC gain. Subsequently, we discussed distributed ISAC sig-
naling designs across different cooperation levels, identifying
key sensing and communication metrics critical for effective
signaling optimization. In addition, synchronization challenges,
a fundamental enabler for distributed ISAC systems, were
addressed by reviewing state-of-the-art synchronization techni-
ques tailored for distributed architectures. Finally, the article
outlined major open challenges and potential future research
directions for distributed network-level ISAC design. As ISAC
continues to evolve toward providing coordinated sensing and
communication at unprecedented scales, we hope that the dis-
cussions and findings presented here will guide and inspire
future advancements in network-level ISAC systems.

REFERENCES

(1]

(2]

(3]

(4]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

80

A. Liu et al., “A survey on fundamental limits of integrated sensing
and communication,” IEEE Commun. Surveys Tuts., vol. 24, no. 2,
pp. 994-1034, Nov. 2022.

K. Meng, Q. Wu, W. Chen, and D. Li, “Sensing-assisted communication
in vehicular networks with intelligent surface,” IEEE Trans. Veh.
Technol., vol. 73, no. 1, pp. 876893, Jan. 2024.

Y. Cui, F. Liu, X. Jing, and J. Mu, “Integrating sensing and
communications for ubiquitous IoT: Applications, trends, and challenges,”
IEEE Netw., vol. 35, no. 5, pp. 158-167, Sep./Oct. 2021.

C. Ouyang, Y. Liu, and H. Yang, “Performance of downlink and
uplink integrated sensing and communications (ISAC) systems,”
IEEE Wireless Commun. Lett., vol. 11, no. 9, pp. 1850-1854, Sep.
2022.

M. Hua, G. Chen, K. Meng, S. Ma, C. Yuen, and H. Cheung So, “3D
multi-target localization via intelligent reflecting surface: Protocol and
analysis,” IEEE Trans. Wireless Commun., vol. 23, no. 11, pp. 16527—
16543, Nov. 2024.

F. Liu et al., “Integrated sensing and communications: Towards dual-
functional wireless networks for 6G and beyond,” IEEE J. Sel. Areas
Commun., vol. 40, no. 6, pp. 1728-1767, Jun. 2022.

K. Meng, C. Masouros, A. P. Petropulu, and L. Hanzo, “Cooperative
ISAC networks: Opportunities and challenges,” IEEE Wireless Commun.,
vol. 32, no. 3, pp. 212-219, Jun. 2025.

H. Guo et al., “Integrated communication, localization, and sensing
in 6G D-MIMO networks,” IEEE Wireless Commun., vol. 32, no. 2,
pp. 214-221, Apr. 2025.

H. Li et al., “Multi-node multi-band cooperative integrated sensing
and communications: State-of-the-art, challenges and opportunities,”
IEEE Wireless Commun., vol. 32, no. 4, pp. 180—188, Aug. 2025.

F. Dong, F. Liu, Y. Cui, W. Wang, K. Han, and Z. Wang, “Sensing
as a service in 6G perceptive networks: A unified framework for
ISAC resource allocation,” IEEE Trans. Wireless Commun., vol. 22,
no. 5, pp. 3522-3536, May 2023.

K. Han and S. Hong, “High-resolution phased-subarray MIMO radar
with grating lobe cancellation technique,” [EEE Trans. Microw.
Theory Techn., vol. 70, no. 5, pp. 2775-2785, May 2022.

D. A. Schneider, M. Rosch, A. Tessmann, and T. Zwick, “Hybrid
beam-steering OFDM-MIMO radar: High 3-D resolution with reduced
channel count,” IEEE Trans. Microw. Theory Techn., vol. 69, no. 11,
pp. 5057-5071, Nov. 2021.

0. Lang, R. Feger, C. Hofbauer, and M. Huemer, “OFDM radar with
subcarrier aliasing—Reducing the ADC sampling frequency without
losing range resolution,” IEEE Trans. Veh. Technol., vol. 71, no. 10,
pp. 10241-10253, Oct. 2022.

K. Han, S. Kang, and S. Hong, “Sub-Nyquist sampling OFDM
radar,” IEEE Trans. Radar Syst., vol. 1, pp. 669-680, 2023.

S. Kang, K. Han, and S. Hong, “Sub-nyquist sampling OFDM radar
with a time-frequency phase-coded waveform,” IEEE Trans. Veh.
Technol., vol. 73, no. 11, pp. 16517-16530, Nov. 2024.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

B. Schweizer et al., “The fairy tale of simple all-digital radars: How
to deal with 100 Gbit/s of a digital millimeter-wave MIMO radar on
an FPGA [application notes],” IEEE Microw. Mag., vol. 22, no. 7,
pp. 6676, Jul. 2021.

N. H. Lehmann, A. M. Haimovich, R. S. Blum, and L. Cimini,
“High resolution capabilities of MIMO radar,” in Proc. 40th
Asilomar Conf. Signals, Syst. Comput., Piscataway, NJ, USA: IEEE,
2006, pp. 25-30.

S. Kang, K. Han, and S. Hong, “Sensing-aided distortion estimation
for OFDM radar with nonlinear transmitter,” IEEE Trans. Radar
Syst., vol. 2, pp. 821-831, 2024.

R. Michev, R. N. Sridhar, J. Hasch, and C. Waldschmidt, “Enhancing
the dynamic range of OFDM radars using non-linear operation and
symbol-based equalization,” IEEE J. Microw., vol. 3, no. 2, pp. 614—
624, Apr. 2023.

K. Ji, Q. Zhang, Z. Wei, Z. Feng, and P. Zhang, “Networking based
ISAC hardware testbed and performance evaluation,” IEEE Commun.
Mag., vol. 61, no. 5, pp. 76-82, May 2023.

N. Gonzalez-Prelcic, D. Tagliaferri, M. F. Keskin, H. Wymeersch,
and L. Song, “Six integration avenues for ISAC in 6G and beyond:
A forward-looking vision,” IEEE Veh. Technol. Mag., vol. 20, no. 1,
pp. 18-39, Mar. 2025.

H. Sallouha, S. Saleh, S. De Bast, Z. Cui, S. Pollin, and H.
Wymeersch, “On the ground and in the sky: A tutorial on radio
localization in ground-air-space networks,” IEEE Commun. Surveys
Tuts., vol. 27, no. 1, pp. 218-258, Feb. 2025.

Y. Jiang et al., “Network-level performance analysis for air-ground
integrated sensing and communication,” IEEE Trans. Wireless Commun.,
vol. 24, no. 8, pp. 6931-6946, Aug. 2025.

M. Manzoni et al., “Wavefield networked sensing: Principles, algorithms
and applications,” IEEE Open J. Commun. Soc., vol. 6, pp. 181-197,
2025.

E. C. Strinati et al., “Toward distributed and intelligent integrated
sensing and communications for 6G networks,” [EEE Wireless
Commun., vol. 32, no. 1, pp. 60-67, Feb. 2025.

Y. Ge et al., “Target handover in distributed integrated sensing and
communication,” 2024, arXiv:2411.01871.

N. R. Olson, J. G. Andrews, and R. W. Heath, “Coverage and rate of
joint communication and parameter estimation in wireless networks,”
IEEE Trans. Inf. Theory, vol. 70, no. 1, pp. 206-243, Jan. 2024.

K. Meng, C. Masouros, G. Chen, and F. Liu, “Network-level
integrated sensing and communication: Interference management and
BS coordination using stochastic geometry,” IEEE Trans. Wireless
Commun., vol. 23, no. 12, pp. 19365-19381, Dec. 2024.

K. Meng, C. Masouros, A. P. Petropulu, and L. Hanzo, “Cooperative
ISAC networks: Performance analysis, scaling laws and optimization,”
IEEE Trans. Wireless Commun., vol. 24, no. 2, pp. 877-892, Feb. 2025.
Z. Zhang et al., “Target localization in cooperative ISAC systems: A
scheme based on 5G NR OFDM signals,” IEEE Trans. Commun.,
vol. 73, no. 5, pp. 3562-3578, May 2025.

Z. Wei et al., “Integrated sensing and communication enabled
cooperative passive sensing using mobile communication system,”
2024, arXiv:2405.09179.

A. Chowdary, A. Bazzi, and M. Chafii, “On hybrid radar fusion for
integrated sensing and communication,” IEEE Trans. Wireless Commun.,
vol. 23, no. 8, pp. 8984-9000, Aug. 2024.

X. Lou, W. Xia, S. Jin, and H. Zhu, “Beamforming optimization in
distributed ISAC system with integrated active and passive sensing,”
IEEE Trans. Commun., vol. 73, no. 3, pp. 1607-1620, Mar. 2024.

W. Jiang, Z. Wei, S. Yang, Z. Feng, and P. Zhang, “Cooperation
based joint active and passive sensing with asynchronous transceivers
for perceptive mobile networks,” IEEE Trans. Wireless Commun.,
vol. 23, no. 10, pp. 15627-15641, Oct. 2024.

X. Yang, Z. Wei, J. Xu, Y. Fang, H. Wu, and Z. Feng, “Coordinated
transmit beamforming for networked ISAC with imperfect CSI and
time synchronization,” IEEE Trans. Wireless Commun., vol. 23, no.
12, pp. 18019-18035, Dec. 2024.

B. Wang, Y. Wang, N. Li, J. Zhu, X. She, and P. Chen, “On collaborative
sensing of cellular networks under mutual signal interference,” IEEE
Wireless Commun. Lett., vol. 13, no. 9, pp. 2531-2535, Sep. 2024.
K. Han, K. Meng, and C. Masouros, “Signaling design for noncoherent
distributed integrated sensing and communication systems,”
2025, arXiv:2501.18264.

VOLUME 1, 2025



IEEE Journal of Selected
Topics in Electromagnetics,
Antennas and Propagation

\AP-s

Antennas and Propagation Society

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

C. B. Barneto et al., “Full-duplex OFDM radar with LTE and 5G NR
waveforms: Challenges, solutions, and measurements,” IEEE Trans.
Microw. Theory Techn., vol. 67, no. 10, pp. 4042-4054, Oct. 2019.
F. Liu, L. Zhou, C. Masouros, A. Li, W. Luo, and A. Petropulu,
“Toward dual-functional radar-communication systems: Optimal
waveform design,” IEEE Trans. Signal Process., vol. 66, no. 16,
pp. 4264-4279, Aug. 2018.

F. Liu, C. Masouros, T. Ratnarajah, and A. Petropulu, “On range
sidelobe reduction for dual-functional radar-communication waveforms,”
IEEE Wireless Commun. Lett., vol. 9, no. 9, pp. 1572-1576, Sep. 2020.
Y. Zeng, Y. Ma, and S. Sun, “Joint radar-communication: Low
complexity algorithm and self-interference cancellation,” in Proc.
IEEE Global Commun. Conf. (GLOBECOM), Piscataway, NJ, USA:
IEEE, 2018, pp. 1-7.

A. Tang, X. Wang, and J. A. Zhang, “Interference management for
full-duplex ISAC in B5G/6G networks: Architectures, challenges,
and solutions,” IEEE Commun. Mag., vol. 62, no. 9, pp. 20-26, Sep.
2024.

M. Biedka, Y. E. Wang, Q. M. Xu, and Y. Li, “Full-duplex rf front
ends: From antennas and circulators to leakage cancellation,” /EEE
Microw. Mag., vol. 20, no. 2, pp. 44-55, Feb. 2019.

T. Huusari, Y.-S. Choi, P. Liikkanen, D. Korpi, S. Talwar, and M.
Valkama, “Wideband self-adaptive RF cancellation circuit for full-
duplex radio: Operating principle and measurements,” in Proc. [EEE
81st Veh. Technol. Conf. (VIC Spring), Piscataway, NJ, USA: IEEE,
2015, pp. 1-7.

J. Xu, M. A. Kishk, J. P. Coon, and M.-S. Alouini, ‘“Performance
analysis and optimal resource allocation for large scale joint sensing
and communication,” IEEE Trans. Wireless Commun., vol. 23, no.
10, pp. 14350-14364, Oct. 2024.

F. D. S. Moulin, C. Wiame, L. Vandendorpe, and C. Oestges, “Joint
coverage and detection performance metrics for integrated sensing
and communication in automotive scenarios,” IEEE Trans. Veh.
Technol., vol. 73, no. 11, pp. 16758-16773, Nov. 2024.

W. Chen, L. Li, Z. Chen, Y. Liu, B. Ning, and T. Q. S. Quek,
“ISAC-enabled beam alignment for terahertz networks: Scheme
design and coverage analysis,” IEEE Trans. Veh. Technol., vol. 73,
no. 12, pp. 19019-19033, Dec. 2024.

C. Skouroumounis, C. Psomas, and I. Krikidis, “FD-JCAS techniques
for mmwave HetNets: Ginibre point process modeling and analysis,”
IEEE Trans. Mob., vol. 21, no. 12, pp. 4352-4366, Dec. 2022.

S. Tripathi, A. K. Gupta, and S. Amuru, “On the coverage of cognitive
mmwave networks with directional sensing and communication,” /EEE
Trans. Wireless Commun., vol. 23, no. 10, pp. 14215-14231, Oct. 2024.
Y. Nabil, H. Elsawy, S. Al-Dharrab, H. Mostafa, and H. Attia,
“Beamwidth design tradeoffs in radar-aided millimeter-wave cellular
networks: A stochastic geometry approach,” IEEE Access, vol. 12,
pp. 2619626211, 2024.

X. Gan et al., “Coverage and rate analysis for integrated sensing and
communication networks,” IEEE J. Sel. Areas Commun., vol. 42,
no. 9, pp. 2213-2227, Sep. 2024.

A. Salem, K. Meng, C. Masouros, F. Liu, and D. Lopez-Perez,
“Rethinking dense cells for integrated sensing and communications:
A stochastic geometric view,” IEEE Open J. Commun. Soc., vol. 5,
pp. 22262239, 2024.

K. Ma, C. Feng, G. Geraci, and H. H. Yang, “The meta distribution
of the SIR in joint communication and sensing networks,” in Proc.
IEEE Int. Conf. Commun. Workshops (ICC Workshops), 2024,
pp. 691-696.

J. Xiong, W.-Q. Wang, and K. Gao, “FDA-MIMO radar range—angle
estimation: CRLB, MSE, and resolution analysis,” IEEE Trans.
Aerosp. Electron. Syst., vol. 54, no. 1, pp. 284-294, Feb. 2018.

M. Virgili et al., “Cost-efficient design of an energy-neutral UAV-based
mobile network,” IEEE Trans. Commun., vol. 70, no. 10, pp. 6890—
6901, Oct. 2022.

S. N. Chiu, D. Stoyan, W. S. Kendall, and J. Mecke, Stochastic
Geometry and Its Applications. Hoboken, NJ, USA: Wiley, 2013.

J. Li and R. Compton, “Maximum likelihood angle estimation for
signals with known waveforms,” IEEE Trans. Signal Process., vol.
41, no. 9, pp. 2850-2862, Sep. 1993.

M. Sadeghi, F. Behnia, R. Amiri, and A. Farina, “Target localization
geometry gain in distributed MIMO radar,” [EEE Trans. Signal
Process., vol. 69, pp. 1642-1652, 2021.

VOLUME 1, 2025

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

[78]

(791

Q. Shi, M. Razaviyayn, Z.-Q. Luo, and C. He, “Group sparse
beamforming for green cloud-RAN,” IEEE Trans. Wireless Commun.,
vol. 13, no. 5, pp. 2809-2823, May 2014.

N. Lee, R. W. Heath, and S. Hong, “Interference management in
massive MIMO Hetnets: A user-centric approach,” IEEE J. Sel.
Areas Commun., vol. 35, no. 6, pp. 1359-1371, 2017.

F. Liu, X. Yuan, S. Zhou, C. Li, C. Masouros, and R. W. Heath,
“Integrated sensing and communications: Towards dual-functional
wireless networks for 6G and beyond,” IEEE J. Sel. Areas Commun.,
vol. 38, no. 8, pp. 1715-1731, Jun. 2022.

Z. Wang, F. Liu, C. Masouros, and A. P. Petropulu, “Interference
suppression for integrated sensing and communication in mmWave
networks,” IEEE Trans. Commun., vol. 69, no. 8, pp. 5359-5372,
2021.

C. Sturm and W. Wiesbeck, “Waveform design and signal processing
aspects for fusion of wireless communications and radar sensing,” Proc.
IEEE, vol. 99, no. 7, pp. 1236-1259, Jul. 2011.

K. Meng, K. Han, C. Masouros, and L. Hanzo, “Network-level
ISAC: Performance analysis and optimal antenna-to-BS allocation,”
2024, arXiv:2410.06365.

F. Liu, Y.-F. Liu, A. Li, C. Masouros, and Y. C. Eldar, “Cramér-Rao
bound optimization for joint radar-communication beamforming,”
IEEE Trans. Signal Process., vol. 70, pp. 240-253, 2021.

X. Liu et al., “Joint transmit beamforming for multiuser MIMO
communications and MIMO radar,” [EEE Trans. Signal Process.,
vol. 68, pp. 3929-3944, 2020.

H. Hua, J. Xu, and T. X. Han, “Optimal transmit beamforming for
integrated sensing and communication,” IEEE Trans. Veh. Technol.,
vol. 72, no. 8, pp. 10588-10603, Aug. 2023.

G. Cheng, Y. Fang, J. Xu, and D. W. K. Ng, “Optimal coordinated
transmit beamforming for networked integrated sensing and
communications,” IEEE Trans. Wireless Commun., vol. 23, no. 8,
pp. 8200-8214, Aug. 2024.

N. Babu, C. Masouros, C. B. Papadias, and Y. C. Eldar, “Precoding
for multi-cell ISAC: From coordinated beamforming to coordinated
multipoint and bi-static sensing,” IEEE Trans. Wireless Commun.,
vol. 23, no. 10, pp. 14637-14651, Oct. 2024.

G. Cheng, X. Song, Z. Lyu, and J. Xu, “Networked ISAC for low-
altitude economy: Coordinated transmit beamforming and UAV trajectory
design,” IEEE Trans. Commun., vol. 73, no. 8, pp. 5832-5847, Aug.
2025.

L. Jiang, K. Meng, M. Temiz, J. Hu, and C. Masouros, “Federated
learning strategies for coordinated beamforming in multicell isac,”
2025, arXiv:2501.16951.

Z. Wei et al., “Integrated sensing and communication enabled
multiple base stations cooperative sensing towards 6G,” IEEE Netw.,
vol. 38, no. 4, pp. 207-215, Jul. 2024.

R. Tanbourgi, S. Singh, J. G. Andrews, and F. K. Jondral, “A
tractable model for noncoherent joint-transmission base station
cooperation,” IEEE Trans. Wireless Commun., vol. 13, no. 9, pp.
4959-4973, Sep. 2014.

Q.-D. Vu, L.-N. Tran, and M. Juntti, “Noncoherent joint transmission
beamforming for dense small cell networks: Global optimality,
efficient solution and distributed implementation,” IEEE Trans. Wireless
Commun., vol. 19, no. 9, pp. 5891-5907, Sep. 2020.

X. Wang, X. Zhao, J. Wang, Y. Li, and Q. Shi, “Joint beamforming
design and stream allocation for non-coherent joint transmission in
cell-free MIMO networks,” 2024, arXiv:2402.18231.

C. D’Andrea, T. Foggi, A. Piemonese, A. Ugolini, S. Buzzi, and G.
Colavolpe, “Coherent vs. non-coherent joint transmission in cell-free
user-centric non-terrestrial wireless networks,” in Proc. IEEE 25th
Int. Workshop Signal Process. Adv. Wireless Commun. (SPAWC),
Piscataway, NJ, USA: IEEE, 2024, pp. 636-640.

J. Zhang, S. Yan, M. Peng, and Q. Ouyang, “Coordinated multi-point
enabled ISAC under asynchronous errors: Performance analysis and
waveform-beamforming optimization,” IEEE Trans. Veh. Technol.,
vol. 74, no. 8, pp. 12189-12205, Aug. 2025.

S. Liu, M. Li, R. Liu, W. Wang, and Q. Liu, “Joint transmit
beamforming and receive filter design for cooperative multi-static ISAC
networks,” IEEE Wireless Commun. Lett., vol. 13, no. 6, pp. 1700—
1704, Jun. 2024.

W. Mao, Y. Lu, C.-Y. Chi, B. Ai, Z. Zhong, and Z. Ding,
“Communication-sensing region for cell-free massive MIMO ISAC

81



HAN et al.: NETWORK-LEVEL ISAC DESIGN: STATE-OF-THE-ART, CHALLENGES, AND OPPORTUNITIES

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

82

systems,” IEEE Trans. Wireless Commun., vol. 23, no. 9, pp. 12396—
12411, Sep. 2024.

U. Demirhan and A. Alkhateeb, “Cell-free ISAC MIMO systems:
Joint sensing and communication beamforming,” IEEE Trans. Commun.,
vol. 73, no. 6, pp. 4454-4468, Jun. 2025.

S. Liu, R. Liu, Z. Lu, M. Li, and Q. Liu, “Cooperative cell-free
ISAC networks: Joint BS mode selection and beamforming design,”
in 2024 IEEE Wireless Commun. Netw. Conf. (WCNC), Piscataway,
NJ, USA: IEEE, 2024, pp. 1-6.

S. Xu, H. Sun, Y. Xu, T. Guo, C. Li, and L. Yang, “Distributed
compression method for channel calibration in cell-free MIMO ISAC
systems,” IEEE J. Sel. Areas Commun., vol. 43, no. 7, pp. 2349-
2363, Jul. 2025.

Z. Ren, J. Xu, L. Qiu, and D. W. K. Ng, “Secure cell-free integrated
sensing and communication in the presence of information and
sensing eavesdroppers,” [EEE J. Sel. Areas Commun., vol. 42,
no. 11, pp. 3217-3231, Nov. 2024.

X. Li, Q. Zhu, Y. Chen, and Y. Yuan, “Distributed multi-node
cooperative integrated sensing and communication systems: Joint
beamforming and grouping design,” IEEE Internet Things J., vol. 12,
no. 12, pp. 20377-20392, Jun. 2025.

H. Godrich, A. M. Haimovich, and R. S. Blum, “Target localization
accuracy gain in MIMO radar-based systems,” IEEE Trans. Inf.
Theory, vol. 56, no. 6, pp. 2783-2803, Jun. 2010.

Y. Yang and R. S. Blum, “Phase synchronization for coherent
MIMO radar: Algorithms and their analysis,” IEEE Trans. Signal
Process., vol. 59, no. 11, pp. 5538-5557, Nov. 2011.

P. Gao, L. Lian, and J. Yu, “Cooperative ISAC with direct
localization and rate-splitting multiple access communication: A
pareto optimization framework,” IEEE J. Sel. Areas Commun.,
vol. 41, no. 5, pp. 1496-1515, May 2023.

C. Masouros and G. Zheng, “Exploiting known interference as green
signal power for downlink beamforming optimization,” IEEE Trans.
Signal Process., vol. 63, no. 14, pp. 3628-3640, Jul. 2015.

S. Jagannathan, H. Aghajan, and A. Goldsmith, “The effect of time
synchronization errors on the performance of cooperative MISO systems,”
in Proc. IEEE Global Telecommun. Conf. Workshops, GlobeCom
Workshops, Piscataway, NJ, USA: IEEE, 2004, pp. 102-107.

L. G. de Oliveira, Y. Li, B. Geiger, L. Schmalen, T. Zwick, and B.
Nuss, “On the sensing performance of OFDM-based ISAC under the
influence of oscillator phase noise,” 2024, arXiv:2410.13336.

K. J. Zou et al., “Network synchronization for dense small cell
networks,” IEEE Wireless Commun., vol. 22, no. 2, pp. 108-117,
Apr. 2015.

V. Jungnickel, T. Wirth, M. Schellmann, T. Haustein, and W.
Zirwas, “Synchronization of cooperative base stations,” in Proc.
IEEE Int. Symp. Wireless Commun. Syst., Piscataway, NJ, USA:
IEEE, 2008, pp. 329-334.

J. M. Merlo and J. A. Nanzer, “Picosecond non-line-of-sight wireless time
and frequency synchronization for coherent distributed aperture antenna
arrays,” in Proc. XXXVth General Assem. Scientific Symp. Int. Union
Radio Sci. (URSI GASS), Piscataway, NJ, USA: IEEE, 2023, pp. 1-4.

S. Prager, M. S. Haynes, and M. Moghaddam, “Wireless subnanosecond
RF synchronization for distributed ultrawideband software-defined radar
networks,” IEEE Trans. Microw. Theory Techn., vol. 68, no. 11,
pp. 4787-4804, Nov. 2020.

J. Pegoraro et al., “JUMP: Joint communication and sensing with
unsynchronized transceivers made practical,” IEEE Trans. Wireless
Commun., vol. 2, no. 10, pp. 9759-9775, Aug. 2024.

X.-Y. Wang, S. Yang, K. Meng, H.-Y. Zhai, and C. Masouros, “On
the fundamental trade-offs of time-frequency resource distribution in
OFDMA ISAC,” 2024, arXiv:2407.12628.

Z.Ni, J. A. Zhang, X. Huang, K. Yang, and J. Yuan, “Uplink sensing
in perceptive mobile networks with asynchronous transceivers,” IEEE
Trans. Signal Process., vol. 69, pp. 12871300, 2021.

K. Wu et al, “Sensing in bistatic ISAC systems with clock
asynchronism: A signal processing perspective [Special Issue on
Signal Processing for the Integrated Sensing and Communications
Revolution],” IEEE Signal Process. Mag., vol. 41, no. 5, pp. 31-43,
Sep. 2024.

Y. Zeng, D. Wu, J. Xiong, E. Yi, R. Gao, and D. Zhang, “FarSense:
Pushing the range limit of WiFi-based respiration sensing with CSI
ratio of two antennas,” in Proc. ACM Interactive, Mobile, Wearable
Ubiquitous Technol., vol. 3, no. 3, Sep. 2019, pp. 1-26.

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Y. Zeng, D. Wu, J. Xiong, J. Liu, Z. Liu, and D. Zhang, “MultiSense:
Enabling multi-person respiration sensing with commodity WiFi,” in
Proc. ACM Interactive, Mobile, Wearable Ubiquitous Technol., vol. 4,
no. 3, Sep. 2020, pp. 1-29.

Y. Hu, K. Wu, J. A. Zhang, W. Deng, and Y. J. Guo, “Performance
bounds and optimization for CSI-ratio-based bi-static doppler sensing
in ISAC systems,” IEEE Trans. Wireless Commun., vol. 23, no. 11,
pp- 17461-17477, Nov. 2024.

X. Li et al., “Indotrack: Device-free indoor human tracking with
commodity Wi-Fi,” in Proc. ACM Interactive, Mobile, Wearable
Ubiquitous Technol., vol. 1, no. 3, Sep. 2017, pp. 1-22.

J. Zhao, Z. Lu, J. A. Zhang, S. Dong, and S. Zhou, “Multiple-target
Doppler frequency estimation in ISAC with clock asynchronism,”
IEEE Trans. Veh. Technol., vol. 73, no. 1, pp. 1382-1387, Jan. 2024.
F. Meneghello, D. Garlisi, N. D. Fabbro, 1. Tinnirello, and M. Rossi,
“SHARP: Environment and person independent activity recognition
with commodity IEEE 802.11 access points,” IEEE Trans. Mob.,
vol. 23, no. 8, pp. 9759-9775, Oct. 2023.

D. Brunner et al., C S “Bistatic OFDM-based ISAC with over-the-air
synchronization: System concept and performance analysis,” 2024,
arXiv:2405.04962.

X.-Y. Wang, S. Yang, J. Zhang, C. Masouros, and P. Zhang, “Clutter
suppression, time-frequency synchronization, and sensing parameter
association in asynchronous perceptive vehicular networks,” IEEE J.
Sel. Areas Commun., vol. 42, no. 10, pp. 2719-2736, Oct. 2024.
X.-Y. Wang, S. Yang, M. Chen, and C. Masouros, “Fingerprint-
spectrum-based synchronization in asynchronous perceptive mobile
networks,” in Proc. IEEE 25th Int. Workshop Signal Process.
Advances in Wireless Commun. (SPAWC), 2024, pp. 316-320.

W. Jiang, Z. Wei, S. Yang, Z. Feng, and P. Zhang, “Cooperation-
based joint active and passive sensing with asynchronous transceivers
for perceptive mobile networks,” IEEE Trans. Wireless Commun.,
vol. 23, no. 10, pp. 15627-15641, Oct. 2024.

D. Liang, H. Zhang, K. Liu, D. Liu, and R. Wang, “Phase
synchronization techniques for bistatic and multistatic synthetic
aperture radar: Accounting for frequency offset,” IEEE Geosci.
Remote Sens. Mag., vol. 10, no. 3, pp. 153-167, Sep. 2022.

K. Han, K. Meng, and C. Masouros, “Over-the-air time-frequency
synchronization in distributed ISAC systems,” 2025, arXiv:2503.08920.
L. Sigg et al., “Over-the-air synchronization for coherent digital
automotive radar networks,” IEEE Trans. Radar Syst., vol. 2,
pp- 739-751, 2024.

J. Aguilar, D. Werbunat, V. Janoudi, C. Bonfert, and C. Waldschmidt,
“Uncoupled digital radars creating a coherent sensor network,” /EEE J.
Microw., vol. 4, no. 3, pp. 459472, Jul. 2024.

R. Mudumbai, G. Barriac, and U. Madhow, “On the feasibility of
distributed beamforming in wireless networks,” IEEE Trans. Wireless
Commun., vol. 6, no. 5, pp. 1754-1763, May 2007.

K. Xiong, G. Cui, W. Yi, S. Wang, and L. Kong, “Distributed
localization of target for MIMO radar with widely separated directional
transmitters and omnidirectional receivers,” IEEE Trans. Aerosp.
Electron. Syst., vol. 59, no. 3, pp. 3171-3187, Jun. 2022.

Y. Lu et al, “Semantic-aware vision-assisted integrated sensing
and communication: Architecture and resource allocation,” IEEE
Wireless Commun., vol. 31, no. 3, pp. 302-308, Jun. 2024.

N. Su, F. Liu, and C. Masouros, “Secure radar-communication
systems with malicious targets: Integrating radar, communications
and jamming functionalities,” [EEE Trans. Wireless Commun.,
vol. 20, no. 1, pp. 83-95, Jan. 2021.

N. Su, F. Liu, and C. Masouros, “Sensing-assisted eavesdropper
estimation: An ISAC breakthrough in physical layer security,” IEEE
Trans. Wireless Commun., vol. 23, no. 4, pp. 3162-3174, Apr. 2024.
Y. Cao, L. Duan, and R. Zhang, “Sensing for secure communication
in ISAC: Protocol design and beamforming optimization,” [EEE
Trans. Wireless Commun., vol. 24, no. 2, pp. 1207-1220, Feb. 2025.
J. Zou, C. Masouros, F. Liu, and S. Sun, “Securing the sensing
functionality in ISAC networks: An artificial noise design,” /EEE
Trans. Veh. Technol., vol. 73, no. 11, pp. 17800-17805, Nov. 2024.
D. Rutledge and M. Muha, “Imaging antenna arrays,” IEEE Trans.
Antennas Propag., vol. 30, no. 4, pp. 535-540, Jul. 1982.

O. Li et al, “Integrated sensing and communication in 6G a
prototype of high resolution THz sensing on portable device,” in
Proc. Joint Eur. Conf. Netw. Commun. 6G Summit (EuCNC/6G
Summit), Piscataway, NJ, USA: IEEE, 2021, pp. 544-549.

VOLUME 1, 2025



IEEE Journal of Selected
Topics in Electromagnetics,
Antennas and Propagation

\AP-s

Antennas and Propagation Society

[122] X. Tong, Z. Zhang, Z. Yang, Y. Ge, and H. Wymeersch, “Computational
imaging-based ISAC method with large pixel division,” 2025, arXiv:
2505.07355.

B. Lu et al., “Deep learning based multi-node ISAC 4D environmental
reconstruction with uplink-downlink cooperation,” IEEE' Internet Things
J., vol. 11, no. 24, pp. 39512-39526, Dec. 2024.

B. Lin, C. Zhao, F. Gao, G. Y. Li, J. Qian, and H. Wang,
“Environment reconstruction based on multi-user selection and multi-
modal fusion in ISAC,” IEEE Trans. Wireless Commun., vol. 23, no.
10, pp. 15083-15095, Oct. 2024.

[123]

[124]

Kawon Han (Member, IEEE) received the B.S.,
M.S., and Ph.D. degrees in electrical engineering
from Korea Advanced Institute of Science and
Technology, Daejeon, South Korea, in 2017, 2019,
and 2022, respectively.

Since 2024, he has been a Marie Sktodowska
Curie Actions (MSCA) Postdoctoral Fellow with
the Department of Electronics and Electrical
Engineering, University College London (UCL),
London, U.K. In 2023, he was a Postdoctoral
Researcher with the Interuniversity Microelec-
tronics Centre (IMEC), Leuven, Belgium. His research interests include
integrated sensing and communication systems, distributed and network-
level integrated sensing and communication (ISAC), ISAC security,
microwave/RF system design, biomedical radar signal processing, array
signal processing, and millimeter-wave imaging radar.

Dr. Han served as a Track Co-Chair of the IEEE VTC-Spring 2025 and a
TPC member of the IEEE GlobeCom 2024 Workshop on Integrated Sensing
and Communications for Edge Intelligence.

Kaitao Meng (Member, IEEE) received the B.E.
degree in electronic engineering and Ph.D. degree
in communication and information system from the
School of Electronic Information, Wuhan Univer-
sity, Wuhan, China, in 2016 and 2021, respectively.

He is currently a Lecturer (Assistant Professor)
with the Department of Electrical and Electronic
Engineering, The University of Manchester, Man-
chester, U.K. From 2021 to 2023, he was a Post-
doctoral Researcher with the State Key Laboratory
of Internet of Things for Smart City, University of
Macau, Macau, China. From 2023 to 2025, he was a Marie Curie Fellow
with the Department of Electronic and Electrical Engineering, University Col-
lege London, London, U.K. His research interests include network-level inte-
grated sensing and communication (ISAC), cooperative sensing and
communication, intelligent surfaces, and multi-unmanned aerial vehicle
collaboration.

Dr. Meng was a recipient of the 2022 EU Marie Curie Postdoctoral Fel-
lowship. He serves as an Editor of IEEE TRANSACTIONS ON COMMUNICA-
TIONS and IEEE INTERNET OF THINGS JOURNAL, and a Guest Editor of IEEE
TRANSACTIONS ON COGNITIVE COMMUNICATIONS AND NETWORKING. He has
chaired various tracks and workshops at IEEE conferences, including a Track
Co-Chair of the IEEE VTC-Spring 2025 and a Workshop Co-Chair of the
IEEE ICC 2025, IEEE GlobeCom 2024 and 2025, and WiOpt 2025.

VOLUME 1, 2025

Xiao-Yang Wang (Member, IEEE) received the
B.S. degree in electronic information science and
technology, and the Ph.D. degree in information
and communication engineering from Beijing Uni-
versity of Posts and Telecommunications (BUPT),
Beijing, China, in 2020 and 2025, respectively.

He is currently a Researcher with the Department
of Wireless and Device Technology Research,
China Mobile Research Institute, Beijing. From
2021 to 2022, he was a Research Intern with Hua-
wei 2012 Laboratories, Shenzhen, China. From
2023 to 2024, he was a visiting Ph.D. student with the Department of Elec-
tronic and Electrical Engineering, University College London, London, U.K.
His research interests include integrated sensing and communications (ISAC)
and time/frequency synchronization for distributed communication systems.

Dr. Wang has served as a TPC Member of the IEEE GlobeCom 2024
Workshop and the IEEE VTC 2024 Workshop.

Christos Masouros (Fellow, IEEE) received the
Diploma in electrical and computer engineering
from the University of Patras, Greece, in 2004, and
the M.Sc. by Research and Ph.D. degrees in elec-
trical and electronic engineering from The Univer-
sity of Manchester, Manchester, U.K., in 2006 and
2009, respectively.
. Since 2019, he has been a Full Professor in sig-
. nal processing and wireless communications with
. the Information and Communication Engineering
Research Group, Department of Electrical and
Electronic Engineering, and the Institute for Communications and Connected
Systems, University College London (UCL), London, U.K. In 2008, he was a
Research Intern with Philips Research Labs, U.K. From 2009 to 2010, he
was a Research Associate with The University of Manchester and a Research
Fellow with Queen’s University Belfast, Belfast, Northern Ireland, U.K.,
from 2010 to 2012. In 2012, he joined as a Lecturer at UCL. His research
interests include the field of wireless communications and signal processing
with particular focus on green communications, large-scale antenna systems,
integrated sensing and communications (ISAC), interference mitigation tech-
niques for multiinput multioutput (MIMO), and multicarrier communications.
Dr. Masouros has held the Royal Academy of Engineering Research Fel-
lowship from 2011 to 2016. He was a co-recipient of the 2021 IEEE SPS
Young Author Best Paper Award and a recipient of the Best Paper Awards
from the IEEE GlobeCom 2015 and the IEEE WCNC 2019 conferences. He
has been recognized as an Exemplary Editor of IEEE COMMUNICATIONS
LETTERS and an Exemplary Reviewer of IEEE TRANSACTIONS ON COMMUNI-
CATIONS. He is a Founding Member and the Vice-Chair of the IEEE Emerg-
ing Technology Initiative on ISAC, the Vice-Chair of the IEEE Special
Interest Group on ISAC, and the Chair of the IEEE Special Interest Group on
Energy Harvesting Communication Networks. He is an Editor of IEEE
TRANSACTIONS ON COMMUNICATIONS, IEEE TRANSACTIONS ON WIRELESS
COMMUNICATIONS, and IEEE OPEN JOURNAL OF SIGNAL PROCESSING, and
the Editor-at-Large of IEEE OPEN JOURNAL OF THE COMMUNICATIONS SOCI-
ETY. He was an Associate Editor of IEEE COMMUNICATIONS LETTERS and a
Guest Editor for a number of special issues of the IEEE JOURNAL OF
SELECTED TOPICS IN SIGNAL PROCESSING and IEEE JOURNAL ON SELECTED
AREAS IN COMMUNICATIONS.

83




<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo false
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 200
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (Adobe RGB \0501998\051)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects false
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /None
	/Optimize false
	/ParseDSCComments false
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 400
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness false
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IgnoreHTMLPageBreaks false
			/IncludeHeaderFooter false
			/AllowTableBreaks true
			/UseHTMLTitleAsMetadata true
			/MetadataTitle /
			/ShrinkContent true
			/UseEmbeddedProfiles false
			/TreatColorsAs /MainMonitorColors
			/MetricUnit /inch
			/RemoveBackground false
			/HonorBaseURL true
			/ExpandPage false
			/AllowImageBreaks true
			/MetadataSubject /
			/MarginOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/Namespace [
				(Adobe)
				(GoLive)
				(8.0)
			]
			/OpenZoomToHTMLFontSize false
			/PageOrientation /Portrait
			/MetadataAuthor /
			/MobileCompatible 0.0
			/MetadataKeywords /
			/MetricPageSize [
				0.0
				0.0
			]
			/HonorRolloverEffect false
		>>
		<<
			/IncludeProfiles true
			/ConvertColors /NoConversion
			/FormElements true
			/MarksOffset 6.0
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/DestinationProfileSelector /UseName
			/MultimediaHandling /UseObjectSettings
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /UseName
			/BleedOffset [
				0.0
				0.0
				0.0
				0.0
			]
			/UntaggedRGBHandling /LeaveUntagged
			/GenerateStructure false
			/AddRegMarks false
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/MarksWeight 0.25
			/PageMarksFile /RomanDefault
			/UntaggedCMYKHandling /LeaveUntagged
			/AddPageInfo false
			/AddBleedMarks false
			/IncludeLayers false
			/IncludeInteractive false
			/AddColorBars false
			/UseDocumentBleed false
			/AddCropMarks false
			/DestinationProfileName (U.S. Web Coated \050SWOP\051 v2)
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
		>>
	]
	/CompressPages true
	/GrayImageMinResolution 200
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.7
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Error
	/PreserveOPIComments false
	/AutoPositionEPSFiles false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages true
	/GrayImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName (http://www.color.org)
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Dot Gain 15%)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.0
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Remove
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/PDFXOutputConditionIdentifier (CGATS TR 001)
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Preserve
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
		
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/HUN <>
		/NOR <>
		/DEU <>
		/CZE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
		/DAN <>
		/JPN <>
		
		/SUO <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		
		
		
		/PTB <>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
		/TUR <>
		/POL <>
		
		/SVE <>
		
		/ESP <>
	>>
	/CropMonoImages false
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo true
	/ColorImageDict <<
		/QFactor 0.76
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/CropGrayImages false
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages false
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


