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AbstrAct
The integration of sensing and communication 

(ISAC) emerges as a cornerstone technology for 
the sixth generation era, seamlessly incorporating 
sensing functionality into wireless networks as a 
native capability. The main challenges in efficient 
ISAC are constituted by its limited sensing and 
communication (S&C) coverage as well as severe 
inter-cell interference. Network-level ISAC relying 
on multi-cell cooperation is capable of effectively 
expanding both the S&C coverage, and of provid-
ing extra degrees of freedom (DoF) for realizing 
increased integration gains between S&C. In this 
work, we provide new considerations for ISAC net-
works, including new metrics, the optimization of 
the DoF, and cooperation regimes, and we high-
light new S&C trade-offs. Then, we discuss a suite of 
cooperative S&C architectures, both at the task, as 
well as, data and signal levels. Furthermore, the inter-
play between S&C at the network level is investigat-
ed, and promising research directions are outlined.

IntroductIon
ISAC (integrated sensing and communication) 
is a technique that utilizes the same frequency, 
waveform, and infrastructure to simultaneous-
ly achieve data transmission and extract target 
information from scattered echoes, thereby sub-
stantially improving spectrum, energy, and cost 
efficiency in sensing and communication (S&C) 
functionalities [1]. ISAC has recently attracted 
vibrant research interests as a promising next-gen-
eration networking paradigm [2]. In the literature, 
most of the existing studies on this topic focus 
primarily on the link/system level ISAC design [3]. 
However, these studies overlook some critical 
challenges in practice, such as the severe inter-cell 
interference that inherently limits performance, 
the restricted coverage attributable to potential 
obstruction and attenuation experienced at high 
frequencies, as well as the disparity of the achiev-
able S&C range due to the two-hop pathloss in 
the sensing process.

Network-level ISAC refers to the collaboration 
of multiple ISAC transceivers across different cells 
to enhance both wireless communication and sens-
ing. This approach aims to deliver high-throughput, 
ultra-reliable, low-latency communication along-
side ultra-precise, high-resolution, and robust sens-
ing capabilities [4, 5]. As shown in Fig. 1, on the 

sensing side, the ISAC network can cover larger 
surveillance areas than single-cell ISAC, while pro-
viding wider sensing angles and capturing richer 
sensing information [4]. This is because, in addi-
tion to radar echoes generated within a single cell, 
each ISAC base station (BS) may also receive the 
target-reflected signals transmitted by other BSs 
or users, thereby forming multi-static sensing [6]. 
On the communication side, multiple ISAC trans-
ceivers can collaborate to establish connections 
with several users through advanced coordinated 
multi-point (CoMP) transmission techniques for 
managing inter-cell interference [7]. Therefore, 
through strategic adaptation of S&C cooperation 
at the task, data, and signal levels, ISAC networks 
offer new opportunities for refining the allocation 
of network-level resources, leading to enhanced 
signal power, controllable interference manage-
ment, improved coverage quality, and enhanced 
mutual assistance between S&C capabilities.

The advantages of cooperative ISAC net-
works come at increased signaling overhead and 
resource consumption due to the need for infor-
mation exchange between transceivers and con-
trol unit centres [3]. Thus, it is critical to design 
a cooperation framework based on specific task 
requirements for striking a trade-off between the 
S&C performance gains and control signalling 
costs. In addition, networked ISAC also faces new 
technical challenges in wireless resource allocation 
and user/target scheduling. These challenges arise 
from performance characterization and conflicting 
requirements in S&C collaboration at the network 
level. It is essential to accurately characterize the 
average S&C performance for optimizing the ISAC 
networks. This involves addressing the challeng-
es posed by uncertainties such as channel fad-
ing and the mobility of users and targets. Upon 
evolving from communication-only to ISAC net-
works, several questions have to be addressed. 
For instance, do traditional network-level coordi-
nation techniques tailored for communication-only 
networks apply to the ISAC paradigm? How can 
performance metrics, coordination, and resource 
allocation be tailored for improving the joint S&C 
performance at the network level? Based on 
the above questions, we offer a comprehensive 
overview of network-level ISAC, pointing out key 
challenges, exploring potential solutions, and iden-
tifying open research directions.
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new InsIghts For network-LeveL IsAc
new consIderAtIons

In this section, we provide several new consider-
ations when analyzing, evaluating, and optimizing 
ISAC networks, including metrics, optimization 
degrees of freedom (DoF), constraints, the frame-
work, and S&C trade-offs, as outlined in Table 1.

Network-Level Performance Metrics: To opti-
mize and balance the S&C performance across 
the entire ISAC network, new metrics are need-
ed, which are different from the popular link-lev-
el ISAC metrics. For instance, in contrast to the 
performance analysis of communication-only net-
works based on the distribution of signal-to-inter-
ference-plus-noise ratio (SINR), a more applicable 
approach for evaluating sensing coverage may lie 
in defining metrics aligned with estimation theory, 
such as the likelihood of the average Cramér-Rao 
lower bound (CRLB) of the network not exceeding 
a predefined threshold. Here, CRLB constitutes a 
measure of the lowest possible variance of an esti-
mator, helping to evaluate the accuracy of sensing 
operations. However, this kind of metric has not 
yet been investigated in the literature. Moreover, 
how to describe the spectral efficiency of ISAC net-
works is also a new and challenging problem to be 
tackled due to the difficulty of quantifying the aver-
age information of sensing operations of the ISAC 
network in terms of bits. Most recently, the authors 
in [5] proposed a unified area spectral efficiency 
(ASE) to describe the average S&C performance 
of the ISAC networks, where the unified ASE is a 
metric defined to evaluate the spectrum efficiency 
of both sensing and communication in terms of the 
data rate in bits/sec/Hz/km2.

Network-Level Optimization of DoF: In addi-
tion to optimizing the resources at a single ISAC 
BS, to effectively balance the S&C performance at 
the network level, it is necessary to optimize addi-
tional resource variables, including the BS densi-
ty, per-BS frequency/power allocation, the cluster 
sizes of cooperative S&C BS sets, and cell associ-
ation. By doing so, cooperative transmission and 
sensing can strike a more flexible trade-off between 
the S&C performance at the network level [5].

Network-Level Resource Constraints: Consid-
ering the high demand for information exchange 
between ISAC BSs when achieving cooperative 
S&C, new constraints must be introduced at the 
network level. In a cooperative S&C network, the 
cluster sizes of cooperative sensing/communication 
are limited by the backhaul link capacity, as data 
volume for information sharing and echo signal col-
lection increases with cluster size [8]. Additionally, 
due to the limited number of transmit antennas, the 

constraints on the maximum user/target load and 
the DoF in spatial resource allocation for S&C inter-
ference nulling and multiplexing gain improvement 
become crucial in the family of ISAC networks [9].

Network-Level Cooperation Framework: 
In ISAC networks, diverse information having 
time-variant requirements has to be exchanged 
and sent back to the control centre, e.g, raw sen-
sory data, target channel state information (CSI), 
updated gradient information of neural networks, 
semantic information, and so on. In this case, the 
BS connection and topology significantly affect 
resource scheduling and collaboration efficien-
cy, especially in dynamic ISAC networks. This 
also facilitates the design of advanced network 
resource management techniques based on real-
time traffic and sensing requirements, such as 
dynamic spectrum allocation using cognitive radio 
technologies. The ISAC network architecture and 
MAC (medium access control) layer protocols 
have to accommodate not only the high volume 
of data transmission, but also meet the specific 
demands of distributed sensing, such as strict 
time synchronization and sensory data timeliness 
requirements [2]. In general, it is challenging for 
conventional communication-only networks, for 
example, cloud radio access network (C-RAN) 
and cell-free networks, to guarantee the sensing 
performance of ISAC networks. Hence, substan-
tial changes are necessary for flawlessly integrat-
ing sensing into the cellular network architecture.

Network-Level Trade-Offs: Emerging net-
work-level factors, such as BS deployment and 
the correlation among signals transmitted by dif-
ferent BSs, play a crucial role in striking a balance 
between S&C performance. Specifically, ensuring 
orthogonality among signals arriving from dif-
ferent BSs is critical for distributed radar sensing 
performance [5]. However, this constraint may 
impose the unintended consequence of reducing 
the transmission rate of each BS, as it contradicts 
the deliberate randomness of signals for achiev-

FIGURE 1. Network-level ISAC scenarios.
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TABLE 1. Comparison between system-level ISAC and network-level ISAC.

ISAC Levels Performance metrics Optimization DoF Resource constraints Cooperation 
frameworks Trade-offs

System-level 
ISAC

SINR, achievable rate, 
outage probability, CRLB, 
sensing rate, MMSE

Resource allocation, 
antenna selection, 
beamforming

Power, time, energy 
constraints

synergy between S&C 
functionalities, user/
target/BS collaboration

Deterministic and random 
signals, channel correlation

Network-
level ISAC

CRLB coverage 
probability, joint S&C 
ASE, networked energy 
efficiency

BS density, 
cooperative cluster 
size, cell association

Joint S&C backhaul 
capacity, BS load, 
interference nulling 
DoF

BS topology design, 
distributed dynamic 
cluster

Correlation between signals 
transmitted by different 
BSs, deployment geometry
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ing Shannon capacity. In addition, BS selection/
placement entails trade-offs that influence S&C 
coverage and service quality. For instance, com-
munication-optimal deployment typically prioritiz-
es distance-based assignment between users and 
transceivers, while sensing-optimal deployment 
must also consider geometric factors such as diver-
sity in directions between targets and transceivers 
[10]. The above-mentioned trade-offs mainly arise 
from the involvement of multiple BSs in S&C tasks, 
which is different from that observed at the link-lev-
el ISAC [11], such as deterministic and random sig-
nal transmission as well as the correlation between 
user channel and target channel.

new opportunItIes
The use of network-level ISAC offers new oppor-
tunities for improved S&C performance, overcom-
ing the limitations of conventional link/system 
level ISAC. In this section, we outline some typical 
scenarios where ISAC networks can provide sig-
nificant benefits.

Space-Air-Ground ISAC Networks: Space-
air-ground integrated (SAGI) ISAC networks rely 
on satellite systems, aerial platforms, and terres-
trial infrastructures. They constitute a promising 
architecture having seamless S&C coverage [10], 
as shown in Fig. 1. SAGI ISAC networks can 
gather comprehensive status information about 
users, targets, and the surrounding environment, 
while transmitting data between transceivers and 
users employing unified signals. They also assist 
in enhancing propagation, creating line-of-sight 
links and improving network coverage. This offers 
profound opportunities for dynamically allocating 
resources and making comprehensive decisions 
according to the sensing results.

Multi-Modal Sensing Information Transmission 
and Fusion: At the network level, aggregating and 
fusing the multi-modal sensing results gleaned from 
ISAC BSs and other nodes equipped with diverse 
sensor equipment can significantly enhance the 
robustness of network sensing [12], thus further bol-
stering communication performance. The integra-
tion of multi-modal sensing information, including 
radar, Lidar, infrared sensors, inertial measurement 
units (IMUs), cameras, global positioning systems 
(GPS), and so on, enhances the capability of ISAC 
networks for facilitating high-level environmental 
awareness, facilitating autonomous driving applica-
tions. However, multi-modal sensor fusion entails a 
complex process of transmitting and handling multi-
source data, which remains a challenging open issue 
hinging on information sharing in ISAC networks. 

Vehicular ISAC Networks: In vehicular ISAC 

networks, collaboration facilitates the acquisition of 
information beyond the field of view of individual 
vehicles, thereby providing more comprehensive 
situational awareness for transportation purposes. 
Furthermore, the sensing results obtained by vehic-
ular onboard sensors can be used for traffic coordi-
nation and platooning control. Moreover, given the 
growing population of vehicular radars, the devel-
opment of a dedicated MAC tailored for radar 
sensing is a promising solution to improve sensing 
efficiency in ISAC networks, such as coordinating 
sensing tasks and routing radar information.

chALLenges
Network Synchronization Requirements: ISAC 
network synchronization poses a critical challenge 
in multi-user communication and multi-static sens-
ing scenarios. In general, achieving accurate syn-
chronization among ISAC transceivers at a clock 
level through high-precision timing protocols 
requires excessive signalling overhead. This is par-
ticularly crucial for uplink network sensing, mainly 
between mobile users and ISAC BSs. However, 
due to having limited communication resources, 
this can impose significant phase noise on both 
timing and carrier frequency offset compensation 
[3]. Consequently, estimating target delay and 
Doppler frequency is contaminated.

Limited Backhaul Constraints: To implement 
cooperative transmission and sensing, all ISAC BSs 
in the cooperative cluster are linked to a central 
unit via backhaul connections to share the neces-
sary information for cooperation. In many existing 
systems, the backhaul links are capacity-limited [8], 
which is becoming a bottleneck for realizing the 
potential performance gain of both S&C. To cir-
cumvent the limited backhaul capacity, a potential 
solution is to send pre-processed sensing results 
instead of sharing original signals, as detailed below.

Security and Privacy in Networked ISAC: Hav-
ing increased interactions between various ISAC 
transceivers within networks inevitably results in 
security concerns. In particular, malicious passive 
sensing users could potentially exploit the wave-
forms transmitted from ISAC BSs to extract sensi-
tive information about targets or their surroundings. 
Therefore, securing the sensing functionality with-
in ISAC networks is crucial. In contrast to secure 
communication, ensuring security in sensing is more 
challenging due to the uncontrollability of the echo 
signals [13]. In general, single-cell ISAC offers limit-
ed DoF to improve performance while adhering to 
security constraints, particularly in situations where 
there is a high correlation between the channels of 
legitimate and illegitimate users. Joint BS selection 

TABLE 2. Different ISAC cooperation networks versus requirements.

Cooperation Level
Requirement

Information Sharing Transmission 
Latency

Time 
Synchronization

Signaling 
overhead

Performance 
gain

Coordinated Cell Association Target/user/BS state Task level No Low Low

Collaborative data fusion Estimated parameters Frame level No Medium Medium

Interference management User/target CSI No No Medium High

Cooperative 
S&C

Non-coherent Data/echo signal
Frame level

Symbol level Very high High

Coherent CSI and data/echo signal Phase level Very high Very high
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and beamforming vector design in ISAC networks 
become a promising solution for significantly miti-
gating the data/sensing information leakage, a topic 
that has received limited attention in the literature.

cooperAtIon topoLogy And LeveLs
In this section, we categorize the collaboration of 
ISAC networks into four groups, and discuss their 
benefits, requirements, and challenges, as summa-
rized in Table 2.

cooperAtIon cLusters oF bss
In general, due to limited data transmission capac-
ity among BSs, it is not feasible to engage all BSs 
in cooperative actions across the network. Con-
sequently, determining which BSs partake in col-
laborative S&C becomes pivotal. In contrast to 
BS clustering for communication-only networks, 
the cooperation cluster design of ISAC networks 
requires consideration of the networked S&C 
cooperation framework, data fusion requirements, 
and performance balance between S&C, as dis-
cussed earlier. Methods of partitioning BSs into 
cooperative groups typically encompass static 
clustering and dynamic clustering, both of which 
must take into account the integration gain of 
S&C. Static clustering is less complex and impos-
es lower signalling overhead, but this method is 
not responsive to changes in the user and target 
locations, hence the performance gains remain 
limited. Dynamic clustering methods have been 
developed for accommodating changes in net-
work and user/target mobility, such as new sites, 
sleeping cells, and load changes [5]. This scheme 
exacerbates both the scheduling and beamform-
ing design complexity, which is a price to be paid 
for improving the performance by dynamically 
controlling the clusters for the sake of reducing 
the inter-cluster interference, thereby improving 
both the communication rate, the sensing accura-
cy, and energy efficiency.

The size of the cooperative clusters is a crucial 
parameter for optimizing S&C performance in ISAC 
networks when dividing BSs into multiple clusters. 
Small clusters may not fully benefit from the joint 
transmission and distributed radar, while larger clus-
ters may result in excessive CSI feedback overhead 
and echo signal sharing [9, 5]. Increasing the cluster 
size may improve the communication rate and sens-
ing accuracy, albeit at the cost of additional signal 
processing and signalling. Furthermore, a larger clus-
ter size may result in less energy efficiency.

cooperAtIon LeveLs
In this section, we present four distinct levels of 
cooperative schemes: coordinated cell associa-
tion, collaborative data fusion, cooperative inter-
ference management, and joint cooperative S&C 
arrangements.

Coordinated Cell Association: In general, mul-
tiple ISAC BSs should allocate and schedule S&C 
tasks according to the geographical topology of 
ISAC networks and channel correlation between 
users and targets, thereby reducing interference 
and handover delay, improving resource utiliza-
tion efficiency. Specifically, if a BS experiences 
high communication load and limited connectiv-
ity with other BSs, as exemplified by a BS in hot 
spots around shopping malls, its sensing traffic is 
inevitably reduced, since a high fraction of wire-

less resources is allocated to data transmission. 
Thus, the sensing node selection should also take 
into account the communication requirements. 
Moreover, from the perspective of each BS, the 
target and user having small angular separations 
or higher channel correlation coefficient should be 
served together at the same time for maximizing 
the overall spectral efficiency and coverage prob-
ability [11]. On the other hand, it is preferable to 
track angularly separated targets falling into distinc-
tiveness of each BS, thereby improving the sensing 
accuracy. In addition, when allocating S&C tasks, 
the role of the BS in the network should be care-
fully considered. For instance, by allowing some 
BSs to perform dedicated sensing receiver tasks, 
network ISAC is capable of mitigating the self-inter-
ference in single-cell ISAC.

Scenarios involving high-mobility users inside 
vehicles and targets across various BSs necessitate 
carefully crafted collaboration design to provide 
reliable S&C services. However, how to handle the 
seamless handover of targets/users to ensure ser-
vice reliability, while reducing signalling overhead is 
a challenging new issue [4]. For instance, in target 
tracking scenarios, if a target moves beyond the 
coverage of the currently assigned network entity 
or if the received echo signal is too weak for detec-
tion, collaborative involvement of another network 
entity becomes necessary for seamless S&C ser-
vices, as shown in Fig. 2a. Such handover decisions 
should be informed by factors such as the current 
or anticipated workload of each network entity 
and their potential coverage area in the direction 
of the moving target.

Collaborative Data Fusion: The sensing data 
gathered by individual radars may be overwhelmed 
by noise, fading, and interference. Collaborative 
data fusion combining measurements from multiple 
ISAC BSs mitigates uncertainties, thereby enhancing 
detection accuracy, reducing false positives, expand-
ing coverage area, and improving the stability and 
reliability of perception in ISAC networks, as shown 
in Fig. 2b. Specifically, multiple ISAC BSs inde-
pendently observe and estimate the parameters of 
the target, and fuse the target information by lever-
aging the coordinate system relationship among 
these BSs [1]. For instance, in [12], a multi-point 
ISAC system was proposed that fuses the outputs 
from multiple ISAC devices for improving sensing 
performance by exploiting multi-view data redun-
dancy, demonstrating beneficial fusion gain. During 
data sharing among BSs, communication beams 
can serve a dual purpose by concurrently facilitating 
additional sensing tasks, leading to improved data 
fusion efficiency. In addition, over-the-air computa-
tion can also be harnessed for significantly reducing 
the latency of sensing data fusion [14].

Coordinated Beamforming for Interference 
Management: The BSs share CSI information 
through dedicated backhaul links across the coop-
erative S&C cluster. By adopting zero-forcing beam-
forming or minimum mean square error (MMSE) 
beamforming techniques, the beamforming policy 
can be designed for positioning the sensing beam 
within the null spaces of both the communication 
user channels and sensing receiver channels, as 
shown in Fig. 2c. This interference nulling scheme 
exploits extra spatial dimensions at the BS for cre-
ating spatial nulls at specific selective out-of-cell 
ISAC BS and/or user locations, thereby eliminat-

In general, due to lim-
ited data transmission 
capacity among BSs, 

it is not feasible to 
engage all BSs in coop-

erative actions across 
the network. Conse-
quently, determining 

which BSs partake 
in collaborative S&C 

becomes pivotal.
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ing dominant interference for improving the S&C 
performance. This can be accomplished without 
exchanging user and target information between 
the BSs, whilst relying solely on CSI. However, this 
approach requires additional BS antennas. In [9], it 
has been verified that interference-nulling substan-
tially enhances both the average data rate and sens-
ing accuracy. It is demonstrated that maximizing the 
ASE given by the product of the number of users 
served and the average throughput tends to allo-
cate all spatial resources toward multiplexing and 
diversity gain, eschewing interference nulling. Con-
versely, in pursuit of sensing objectives, resource 
allocation leans toward suppressing direct BS-to-BS 
interference, for minimizing the impact on radar 
echo reception, particularly in case of numerous 
antennas, as inter-cell interference becomes a more 
dominant factor in affecting sensing performance.

Cooperative Sensing and Communication: 
Both cooperative S&C operations involve two 
types of signal-level cooperation schemes to con-
vert hostile interference into useful signal. Explicitly, 
in communication, coherent transmission involves 
synchronized joint transmit precoding and coher-
ent receiver combining. The practical challenges, 
such as the need for precise CSI feedback and 
stringent BS synchronization required for coher-
ent cooperation, may constrain the potential gains. 
By contrast, non-coherent joint transmission does 
not require tight synchronization, where data is 
individually precoded from each cell. Distributed 
multiple-input multiple-output (MIMO) radar sens-
ing can also be further classified into coherent and 
non-coherent distributed MIMO radar. Coherent 
processing leverages both the in-phase and quadra-
ture-phase components of the transmitted signal, 

whereas non-coherent processing relies solely on 
the signal envelope. Strategically incorporating 
S&C cooperation techniques shows considerable 
promise in attaining an improved and dynamically 
balanced performance within ISAC networks. For 
example, through the simultaneous utilization of 
CoMP joint transmission and distributed MIMO 
radar techniques, the authors of [5] proposed an 
innovative networked ISAC scheme, where multi-
ple transceivers are employed for collaboratively 
enhancing both S&C services, as shown in Fig. 2d. 
To strike a flexible trade-off between the S&C per-
formance at the network level, [5] aims for opti-
mizing the cooperative cluster sizes of S&C under 
realistic backhaul capacity constraints. The expres-
sion of the CRLB in [5] derived for the localization 
accuracy reveals that harnessing N ISAC transceiv-
ers enhances the average cooperative sensing per-
formance across the network, in line with a scaling 
law of ln2(N). Crucially, this scaling law is less pro-
nounced than the squared geometric gain of con-
ventional distributed MIMO radar [15], primarily 
due to the substantial pathloss from the distant BSs. 
This leads to reduced sensing performance gain.

synergIes between network 
sensIng And communIcAtIon

network-LeveL sensIng-AssIsted communIcAtIon
In ISAC networks, BSs and sensors cooperatively 
explore radio wave transmissions, reflections, and 
scattering. This process facilitates the extraction 
of vital target- and environment-related informa-
tion, such as traffic conditions and gathering of 
crowds, thereby enriching our awareness of the 

FIGURE 2. Cooperative S&C networks: a) Coordinated cell assiciation; b) Collaborative data fusion; c) Coordinated beam-
forming for interference nulling; d) Cooperative sensing and communication.
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surrounding physical environment. As a result, uti-
lizing information extracted from network sensing 
operations as prior knowledge may significantly 
enhance communication performance by predic-
tive resource allocation and interference mitiga-
tion. For instance, by precisely localizing users and 
identifying surrounding blockages, network enti-
ties can optimize their transmission strategies for 
accommodating environmental variations, thereby 
reducing the overhead of beamforming design 
and improving spectrum efficiency [1]. Addition-
ally, by leveraging dynamic sensing results and 
urban environmental maps, resource allocation 
and deployment can be optimized for reliable 
S&C performance based on predicting blockages. 
For example, by predicting a user’s future move-
ment trajectory and obstacle information, poten-
tial occlusion locations can be predicted, allowing 
for proactive handovers or resource adjustments 
to be made in advance.

network-LeveL communIcAtIon-AssIsted sensIng
The computing capabilities of numerous sensing 
devices are limited by their hardware and cost, 
which may impair their ability to promptly extract 
sensing information. Due to the strict timeliness 
requirements of data processing, it can be chal-
lenging for BSs or mobile sensors having limit-
ed computational capabilities to perform sensing 
tasks in practice, particularly in delay-sensitive 
ISAC missions, such as target tracking. In these 
scenarios, network entities having ISAC capabili-
ties can offload demanding intensive sensing tasks 
to powerful edge servers. This offloading process 
accelerates data processing, enabling low-laten-
cy extraction of sensing information. In this case, 
the topological information of ISAC networks can 
improve sensing efficiency, particularly when the 
network is not fully connected.

In addition, addressing the tight latency require-
ments of sensing information within the constraints 
of communication rates poses significant practical 
challenges, especially for wireless data aggregation 
in dense BS scenarios. A promising strategy for 
reducing data fusion delay is constituted by over-the-
air computation techniques [14]. The core concept 
of over-the-air computation is to leverage the wave-
form superposition property of a wireless channel, 
enabling simultaneous aggregation of data trans-
mitted by multiple BSs or sensors. Based on such a 
mechanism, the signals simultaneously transmitted 
by BSs or sensors are superposed over the air and 
aggregated at the server through weighted summa-
tion, with the weights representing channel condi-
tions [14]. Consequently, latency can be significantly 
reduced by supporting simultaneous S&C.

mutuAL beneFIts oF  
networked sensIng And communIcAtIon

When the aforementioned reciprocity principles 
between network S&C mechanisms are simul-
taneously applied, S&C tasks can be specifical-
ly designed for assisting each other in achieving 
win-win integration. The results of network sens-
ing can assist in the allocation of communication 
resources. On the other hand, the performance 
of communication network may impact the fusion 
of sensory data. This raises an intriguing question 
regarding the optimal resource allocation of ISAC 
networks when maximizing S&C performance, 

since enhancing any of the individual sensing 
or communication performances can indeed 
improve the bottom-line performance. For exam-
ple, prioritizing resources toward communication 
in a sensing-assisted communication scenario 
will indeed improve the bottom-line communi-
cation performance. However, dedicating more 
resources to sensing naturally improves the sens-
ing operation, which in turn may also benefit 
the bottom-line communication performance. To 
address this issue, a plausible approach is compar-
ing the gradient of performance gain attained by 
mutual assistance. Specifically, if the performance 
improvement achieved by increasing the sens-
ing resources exceeds the degradation caused 
by the reduction of communication resources, 
more sensing resources should be allocated to 
the ISAC network. Otherwise, the communica-
tion performance gain attained by sensing cannot 
compensate for the performance erosion caused 
by the time and power consumption. Under this 
scenario, opting for allocating more communica-
tion resources is the most favorable choice.

cAse study: InterFerence mAnAgement 
And cooperAtIon scheme

To demonstrate the efficiency of cooperative 
schemes in ISAC networks, we investigate two 
cases: interference nulling and cooperative S&C 
by Monte Carlo simulations for a BS density of  
1/km2 and user/target density of 20/km2, respec-
tively. The system parameters are as follows: The 
number of receive antennas is 5, the transmit 
power is 1W at each BS, the average RCS 1, the 
noise power is –80dB. The carrier frequency is 
5 GHz, and the bandwidth is 50 MHz. Initially, 
we harness coordinated beamforming in coop-
erative S&C BS clusters for interference nulling, 
as discussed above. In this approach, each BS 
transmits independent data to several users, while 
concurrently carrying out sensing tasks for sev-
eral targets, such as localization and recognition, 
utilizing unified ISAC signals. To individually mit-
igate S&C interference, we select Q nearest BSs 
for interference nulling purposes in sensing, and 
L nearest BSs for that in communication [9], as 
shown in Fig. 2c. The improvement of S&C perfor-
mance hinges on optimizing the number of users 
and targets served and the size of cooperative BS 
clusters. This joint optimization enhances the ASE, 
defined as the product of the number of users 
(or targets) and the average spectral efficiency 
for communication (or sensing). To demonstrate 
the effectiveness of the cooperative ISAC scheme 
under various setups, we compare it to a time 
sharing scheme established by connecting two 
corner sensing-communication performance 
points, as shown in Fig. 3. The sensing and com-
munication ASE regions for the cooperative ISAC 
scheme exhibit a notable expansion compared to 
the time sharing schemes as the number of trans-
mit antennas increases. This expansion is attribut-
ed to improved DoF and optimal spatial resource 
allocation, enhancing multiplexing gain, diversity 
gain, and interference nulling capabilities.

Subsequently, we introduce a cooperative S&C 
scheme for ISAC networks with 4 transmit anten-
nas of each BS, where a cluster of cooperative BSs 
collaboratively transmit the same communication 

The computing capa-
bilities of numerous 

sensing devices are lim-
ited by their hardware 

and cost, which may 
impair their ability to 

promptly extract sens-
ing information. Due 

to the strict timeliness 
requirements of data 
processing, it can be 

challenging for BSs or 
mobile sensors having 
limited computational 
capabilities to perform 

sensing tasks in prac-
tice, particularly in 

delay-sensitive ISAC 
missions, such as target 

tracking.
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data to the served user, while multiple BSs form 
distributed multistatic MIMO radars for collabora-
tively sensing each target, as shown in Fig. 2d. To 
unlock the full potential of cooperative S&C with-
in network-level ISAC frameworks, as discussed 
earlier, it’s crucial to jointly optimize the transmit 
power of S&C signals and the size of cooperative 
BS clusters [5]. As illustrated in Fig. 4, as the back-
haul capacity increases, the performance boundar-
ies of S&C expand significantly. This expansion is 
attributed to the availability of more feasible coop-
eration resources attained by larger cooperative 
S&C cluster sizes. A fundamental trade-off emerges 
between the average data rate and the average 
CRLB of the entire network. Moreover, as depicted 
in Fig. 4, compared to the time sharing scheme, 
the attainable performance region of the optimal 
cooperative scheme significantly expands upon 
increasing the backhaul capacity. This is attributed 
to the increased capacity of backhaul links, facili-
tating effective coordination of transmit power and 
multi-cell resources within the network, leading to 
higher gains in cooperative cluster design for S&C.

Future extensIons
smArt propAgAtIon engIneerIng For IsAc networks

To further improve the ISAC service quality, ISAC 
networks can work in conjunction with smart 
propagation engineering technologies, for exam-
ple, intelligent surfaces, fluid antenna systems, 
unmanned aerial vehicles (UAVs), and so on. 

Specifically, intelligent surfaces enhance S&C sig-
nal coverage and signal quality by appropriately 
adjusting the phase shifts to reduce interference, 
while fluid antenna systems create new DoF to 
strike a balance between S&C performance by 
optimizing antenna positions. This will unveil the 
full capability of radio signals by evolving to smart 
radio control by exploiting a suite of new features, 
such as self-aggregation and self-configuration. 
Furthermore, these smart propagation engineer-
ing techniques can provide higher mutual assis-
tance gain between S&C.

semAntIcALLy AwAre IsAc networks
Describing the transmit signal and target param-
eters in a semantic form may hold the promise 
of reducing the latency and backhaul capacity 
requirements, thereby facilitating multi-cell ISAC 
cooperation. However, the exchange of semantic 
information between different ISAC BSs requires 
new protocols and functions, such as semantic 
extraction, semantic composition, and seman-
tic instruction. These functions must seamlessly 
interact with the radio layer, often through oper-
ator functions responsible for controlling network 
nodes. Providing a unified framework of semanti-
cally aware ISAC networks is non-trivial due to the 
various S&C task categories and complex interac-
tions in cooperative ISAC networks.

seLF-AdAptIve AI In IsAc networks
ISAC networks are capable of real-time active 
sensing and automatic updating of Artificial 
Intelligence (AI) networks, potentially resulting 
in self-adaptive AI, where AI systems can adjust 
their behavior and learning process based on the 
evolving wireless environments without human 
intervention. Continuous real-time sensory data 
collection during communications provides valu-
able opportunities for adaptive resource man-
agement and predictive network configurations. 
in the face of uncertainty, creating native net-
work intelligence. A valuable research avenue is 
to explore self-adaptive AI to facilitate multi-BS 
collaboration within the ISAC network, thereby 
improving training efficiency and facilitating mutu-
al assistance between S&C.

concLusIons
Network-level ISAC has the potential of improving 
S&C performance by leveraging the network-level 
DoF. We discussed new design metrics, and oppor-
tunities, and highlighted the essential challenges 
in ISAC networks. We then revealed the mutual 
benefits of networked S&C and presented several 
cooperation levels along with the corresponding 
requirements. Finally, we validated the effectiveness 
of cooperative ISAC schemes through simulations.
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