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Abstract
Integrated sensing and communication (ISAC) 

has been envisioned to be a critical enabling 
technology for the next-generation wireless com-
munication, which can realize location/motion 
detection of surroundings with communication 
devices. This additional sensing capability leads to 
a substantial network quality gain and expansion 
of the service scenarios. As the system evolves to 
millimeter wave (mmWave) and above, ISAC can 
realize simultaneous communications and sens-
ing of the ultra-high throughput level and radar 
resolution with compact design, which relies on 
directional beamforming against the path loss. 
With the multi-beam technology, the dual func-
tions of ISAC can be seamlessly incorporated at 
the beamspace level by unleashing the potential 
of joint beamforming. To this end, this article 
investigates key technologies for multi-beam ISAC 
systems. We begin with an overview of the cur-
rent state-of-the-art solutions in multi-beam ISAC. 
Subsequently, a detailed analysis of the advan-
tages associated with multi-beam ISAC is provid-
ed. Additionally, key technologies for transmitter, 
channel, and receiver of the multi-beam ISAC are 
introduced. Finally, we explore the challenges 
and opportunities presented by multi-beam ISAC, 
offering valuable insights into this emerging field.

Introduction
Integrated sensing and communication (ISAC), also 
known as joint communication and radar (JCR), 
dual-functional radar and communication (DFRC), 
has emerged as a promising technology for the 
sixth-generation (6G) network and beyond, which 
enables numerous cutting-edge applications, such 
as intelligent traffic, Internet of everything (IoE), and 
human-computer interaction [1, 2]. As an innova-
tion concept, ISAC system is expected to combine 
the communication and sensing functions with 
shared hardware and frequency resources, thus 
reducing the expenses and improving the spectral 
efficiency. By integrating sensing function into the 
corn network, communication equipment has the 
potential of estimating the location and motion of 
surroundings, which can improve the quality of ser-
vice (QoS) and expand future application scenarios. 
Moreover, the ISAC architecture enables cooper-

ative information sharing between communication 
and sensing parts, which can be employed for addi-
tional performance gain of both subsystems.

To leverage ISAC technology, various ISAC 
frameworks have been proposed, and they can pri-
marily be categorized into two categories: shared 
signaling scheme and separated signaling scheme. 
The shared signaling scheme aims to concurrently 
fulfill communication and sensing functions using 
a shared waveform, facilitating deep integration 
and optimal resource utilization [3]. However, this 
dual functionality presents significant challenges in 
designing shared signals, particularly in addressing 
mismatches between communication and sensing 
requirements [4]. Conversely, the separated sig-
naling scheme prioritizes achieving greater inde-
pendence and flexibility, albeit at the expense of 
resource efficiency. Within this framework, com-
munication and sensing modules typically utilize 
distinct resources, enabling independent signal 
adjustments to meet their respective requirements.

This article focuses on multi-beam ISAC, which 
is a promising scheme of separated signaling 
ISAC. Inspired by millimeter wave (mmWave) 
space division multiplexing (SDM) technol-
ogy, multi-beam ISAC is proposed to integrate 
the communication and sensing modules at the 
beamspace level, where the communication and 
sensing signals are carried by separated beams 
toward the user terminals and target detection, 
respectively. However, in the typical ISAC applica-
tion scenario, the requirements of communication 
and sensing beams are often distinct in terms of 
beamwidth, coverage range, and stability, which 
impose constraints on each other and necessitates 
joint beamforming design. Furthermore, although 
the SDM design provides a certain degree of iso-
lation between communication and sensing sig-
nals, the possible energy leakage and diffraction/
reflection effects can still induce inevitable interac-
tions between the dual functions.

Compared to the existing surveys on ISAC 
[1–5], this article innovatively analyzes multi-beam 
ISAC from the perspective of ISAC transceivers, 
highlighting configuration differences and the 
required technologies. Specifically, this article pres-
ents a comprehensive review of the current state-
of-the-art developments in the field of multi-beam 
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ISAC. We systematically analyze its strengths and 
limitations, drawing comparisons with other estab-
lished ISAC approaches. Subsequently, based on 
transceiver configurations, beamforming design, 
correlative channel modeling method and inter-
beam interference management are elucidated as 
key technologies to underpin the three fundamen-
tal elements of an ISAC system, the transmitter, 
channel, and receiver, respectively. Finally, future 
challenges and opportunities are highlighted for 
further exploration, including transceiver optimi-
zation design, ISAC cooperation strategies and 
high-frequency effect handling.

Multi-Beam ISAC
ISAC System Model

In this article, we concentrate on a typical ISAC 
service that requires high data rate communication 
and high precision parameter estimation of passive 
targets, where channel capacity and Cramer-Rao 
lower bound (CRLB) can be used for respective 
performance evaluation. The ISAC systems are gen-
erally composed of a shared transmitter (Tx), a com-
munication receiver (CRx) and a sensing receiver 
(RRx). The shared Tx simultaneously transmits the 
communication and sensing signals, while the CRx 
and RRx receive their signals of interest, respective-
ly [5]. Based on the co-location relationship of the 
three transceivers, the ISAC system models can be 
split into the following three categories:
•	 Co-Located Tx-RRx: In this scheme, the RRx 

is deployed at the Tx side. As shown in Fig. 
1, the sensing signals illuminate the target 
and are reflected back to Tx, and the RRx 
at Tx side extracts the sensing parameters 
of the target from the echo signals. From a 
sensing perspective, Tx can be considered as 
a monostatic radar.

•	 Co-Located CRx-RRx: In this scheme, the CRx 
and RRx are merged into a dual-function Rx 
which receives both the communication sig-
nals and the reflected sensing signals. Illus-
trated in Fig. 1, a shared link is established 
between the gNodeB (gNB) and user equip-
ment (UE) for data transmission and bistatic 
radar detection.

•	 Non-Co-Located RRx: In non-co-located RRx 
configuration, Tx, CRx and RRx are all differ-
ent devices, and Tx should establish two dif-
ferent links with CRx and RRx, respectively. 
Fig. 1 shows an example of non-co-located 
RRx, where the remote RRx receives only 
the reflected sensing signals without a com-
munication link.
It should be pointed out that Fig. 1 takes 

downlink transmission as an example. For the 
uplink scenario, UE serves as Tx to transmit the 
communication and sensing signals.

The various RRx configuration implies diverse 
application scenarios as well as different signal 
models. For example, roadside gNB in Internet 
of Vehicle (IoV) is an example for co-located 
Tx-RRx, which possesses knowledge of both the 
transmitted communication signals and sensing 
signals, and actively obtains sensing information 
for scheduling and control. On the other hand, 
the co-located CRx-RRx receives superimposed 
communication-sensing signals and attempts 
to distinguish them apart in high signal-to-noise 

ratio (SNR) regions. This configuration makes it 
possible for UE to change the communication 
topology timely with sensing results. Compared 
to non-co-located RRx, these co-located configu-
ration enables information fusion and joint signal 
processing. These differences result in significant 
variations in signal processing methods, waveform 
designs, and cooperation approaches between 
the communication and sensing modules.

Multi-Beam ISAC
Thanks to the short wavelength and abundant 
spectrum resources, mmWave signals are espe-
cially suitable for high-resolution ISAC applica-
tions. To fully utilize the beamforming capability 
of the large antenna array at mmWave frequen-
cies, Zhang et al. [6] proposed a multi-beam 
ISAC scheme for the first time, which generates 
a beamforming pattern with multiple mainlobes 
for both communication and sensing. Within the 
coherent time of the communication channel, 
the multiple beams can be decomposed into two 
parts: time-invariant communication beams with 
high and stable beamforming gain, and other 
time-varying sensing beams for tracking the mov-
ing target at the wide sensing field of view (FoV).

Obviously, multi-beam ISAC separates the 
communication and sensing functions in the 
spatial domain, which enables simultaneous 
communications and sensing with reduced inter-
ference level and sufficient flexibility regarding 
beam assignment. This reduces interference level 
and allows for efficient reuse of time-frequency 
resources, which significantly enhances spectrum 
efficiency. Furthermore, the flexible beam assign-
ment enables relatively autonomous beamforming 
for communication and sensing, making it suitable 
for diverse applications with varying communi-
cation data rates, latency requirements, sensing 
duration and resolution needs.

From the perspective of integration technolo-
gy, multi-beam ISAC has progressed beyond the 
stage of simple coexistence and entered the coop-
eration stage. Although the communication and 
sensing modules still compete for power alloca-
tion, the joint design technology allows for power 
sharing between communication and sensing, 
which improves power efficiency. For instance, 
by joint beamforming design, the communication 

FIGURE 1. Multi-beam ISAC application scenarios with different configurations.  Co-located Tx-RRx: RRx are 
deployed at Tx side which receives the echoes of its own sensing signals.  Co-located CRx-RRx: The CRx and 
RRx are merged into one device which receives both communication and sensing signals.  Non-co-located 
RRx: The remote RRx device receives only the reflected sensing signals.
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signals can be reused for sensing, and the side-
lobe power leakage from the sensing beam can 
be harnessed to enhance communication SNR. 
Researchers have made significant progress on 
the multi-beam ISAC technology. Specifi cally, the 
study [6] adopted the principle of “coherent com-
bining phase” for beamforming, which adjusts 
the phases of the sensing beam to make its sid-
elobe coherent to the communication counter-
part. This approach allows to utilize a portion of 
sensing energy to enhance the beamforming gain 
for data transmission. The work [7] proposed a 
joint beamforming multi-beam ISAC scheme that 
allows communication signals to be reused for 
sensing, and minimizes the sensing normalized 
mean square error (NMSE) at the expense of a 
slight reduction in the communication rate. The 
study [8] employed an alternating optimization 
algorithm to simultaneously decode communica-
tion signals and estimate the cross-interference 
channel, aiding the CRx in mitigating interference 
effects. These innovative designs mitigate the 
mutual constraints between communication and 
sensing, and foster collaboration between them.

coMpArIson AMong dIFFerent IsAc scheMes
To facilitate practical ISAC applications, in addi-
tion to the aforementioned multi-beam ISAC 
schemes, researchers from academia and indus-
try have also proposed numerous candidate 
schemes, which mainly include resource divi-
sion [9] and waveform sharing schemes [3, 10]. 
Resource division schemes allocate different 
time-frequency resource elements for communi-
cation and sensing, respectively [9]. Therefore, 
these schemes ensure minimal cross-interference 
and are typically compatible with the fifth-gen-
eration (5G) orthogonal frequency division 
multiplexing (OFDM) system. However, due 
to the competition for time-frequency resourc-
es between communication and sensing, these 
schemes exhibit relatively poor spectrum and 
energy effi  ciency. On the other hand, waveform 
embedding schemes utilize existing communi-
cation or radar waveforms as their foundations 
and incorporate the other function into them. The 
scheme [10] forces the radar to utilize communi-
cation OFDM signals for sensing, and the work 

[3] achieves target sensing through backscatter 
from communication signals. With shared wave-
form, these schemes are cross-interference-free 
and enable both communication and sensing 
modules to simultaneously occupy the entire 
bandwidth. Nevertheless, the fl exibility is degrad-
ed due to the constraint of the basic waveform, 
which makes it difficult for communication and 
sensing to independently adjust signal strength, 
duration, coverage range, and other parameters.

Compared with these ISAC counterparts, 
multi-beam ISAC presents its superiority in terms 
of both spectrum effi  ciency and fl exibility. Multi-
beam ISAC spatially separates communication 
and sensing, ensuring low cross-interference levels 
while effi  ciently utilizing time-frequency resourc-
es to enhance spectrum efficiency. Additionally, 
since the communication and sensing subsystems 
are relatively independent, they can independent-
ly and flexibly adjust transmission parameters, 
which makes this architecture capable of meeting 
various QoS requirements. Moreover, the precod-
ing architecture and signal processing procedures 
for communication and sensing are similar and 
decoupled, which allows the multi-beam ISAC 
system to seamlessly inherit the existing communi-
cation and sensing technologies.

Despite its attractive merits, however, the practi-
cal application of multi-beam ISAC still encounters 
several challenges. Properly handling the cross-ef-
fect between communication and sensing beams is 
crucial to fully unleash the potential of multi-beam 
ISAC. We elucidate the challenges from the three 
essential components of the ISAC systems, namely, 
transmitter, channel and receiver, in the sequel.

Transmitter: The mismatch in the requirements 
between communication and sensing poses chal-
lenges for signal transmitter design. For communi-
cation, signals require stable and high-gain beams 
to achieve high data rate and low latency. In con-
trast, the sensing beam usually changes rapidly to 
sweep a wide range of interests or seamlessly cap-
ture the high-mobility target. This mismatch compli-
cates the design and scheduling of transmit beams.

Channel: Since communication and sensing 
signals share the same propagation environment, 
their respective channels should inherently pos-
sess correlated parameters, which makes it possi-

FIGURE 2. Illustration of beamforming gain fluctuations caused by the time-variant sensing beam.
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ble to effi  ciently and accurately estimate both the 
communication and sensing channels. Therefore, 
the corresponding channel estimation algorithm 
capable of accurately modeling of the channel 
correlation is a crucial challenge for improving the 
performance of multi-beam ISAC.

Receiver: Although multi-beam ISAC reduces 
cross-interference through beam division design, 
the sidelobe power leakage and signal refl ection 
inevitably cause cross-interference among them-
selves, which poses challenges for interference 
mitigation techniques.

Key technologIes oF MultI-beAM IsAc
To address these challenges, researchers have 
proposed various new technologies to enhance 
the performance of multi-beam ISAC. In this 
section, we place an emphasis on beamformer 
design, channel modeling, and interference man-
agement for multi-beam ISAC, which are especial-
ly crucial to address the challenges of the three 
essential components and fully unleash the poten-
tial of beamforming technology.

beAMForMIng desIgn
To address the mismatch between communi-
cation and sensing beams, one straightforward 
approach would be to generate communication 
and sensing beams separately using different RF 
chains and then superimpose them to form the 
multi-beam pattern. However, the fast variation of 
the sensing beam results in highly unstable beam-
forming gain for the communication direction. 
As illustrated in Fig. 2, when communication and 
sensing beams having the same power level are 
considered, due to the infl uence of the sidelobes 
from the sensing beam, the beamforming gain in 
the communication direction experiences fl uctua-
tions of up to approximately 2.5 dB, which intro-
duces significant challenges in communication 
channel measurement and channel equalization.

To mitigate these fl uctuations, a proposed solu-
tion, as outlined in [6], involves initially designing 
the desired superimposed beam pattern and then 
approximating this pattern with hybrid beamform-
ing architecture. This joint beamforming method 
eff ectively suppresses sidelobes and stabilizes the 
beamforming gain. Furthermore, the research pre-
sented in [7] suggests that it is not necessary to 
fully design the entire superimposed beam pattern. 
Instead, it suffi  ces to adhere to the communication 
and sensing requirements concerning the beam 
gains in specifi c directions or the cumulative power 

within a designated range. By relaxing the con-
straints on the superimposed beam pattern, the 
approximation error can be reduced accordingly.

correlAtIVe chAnnel ModelIng
For simplicity, many researchers have employed 
independent line-of-sight (LoS)-dominated chan-
nel models for both communication and sensing 
tasks. In reality, however, since communication 
and sensing signals share the same propagation 
environment, their respective channels inherent-
ly possess correlated parameters. Taking the 3rd 
Generation Partnership Project (3GPP) clustered 
delay line (CDL) channel model as an example, it 
becomes evident that the azimuth/zenith angles 
and latency of multi-paths are influenced by the 
surrounding scatterers. Consequently, the CDL 
channels for both communication and sensing 
exhibit correlated angle and delay parameters.

Figure 3 provides a diagram of the multi-beam 
ISAC system under the correlative channel model. 
Compared to traditional communication systems, 
multi-beam ISAC systems have an additional 
sensing link sharing the correlative channel. The 
reflection signals received by RRx obtain infor-
mation about the environment, which can in turn 
benefit channel estimation. To explore improve-
ment methods for the correlated channel model, 
the study [11] proposes an information-theoretic 
model for the point-to-point memoryless ISAC 
channel. The papers [12] and [13] further formu-
late the ISAC information theoretic model under 
difference channel assumptions, and then pres-
ent a capacity-distortion trade-off for the ISAC 
channel, asserting that the joint signal transmis-
sion design in ISAC off ers superior performance 
compared to a separate communication-sensing 
approach. Additionally, the work [14] presents a 
specifi c joint design approach. Under the assump-
tion that the communication and sensing mul-
tipath channels share the same reflection paths, 
the authors of [14] propose a sensing-assisted 
beam alignment scheme to enhance communica-
tion performance. The analysis of the CRLB and 
simulation results demonstrate the superiority of 
this sensing-assisted communication scheme.

Inter-beAM InterFerence MAnAgeMent
For various RRx configurations, the impact and 
mitigation strategies of cross-interference exhibit 
nuanced differences driven by variations in the 
signal models. The co-located Tx-RRx is the most 
widely considered confi guration, where both the 

FIGURE 3. Multi-beam ISAC system model under correlative channel, where both communication and sensing channels share correlative parameters.
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communication and sensing signals are known to 
the RRx, which facilitates interference-free sens-
ing operations. However, this favorable scenario 
for sensing introduces sensing interference on 
the CRx. As is illustrated in Fig. 4a, the sidelobe 
and refl ection interference are received by CRx, 
which signifi cantly degrades the signal-to-interfer-
ence and noise ratio (SINR) at CRx. Therefore, 
the implementation of interference mitigation 
algorithms on the CRx side becomes imperative. 
The work [15] leverages the angular sparsity of 
the ISAC channel and employs compress sens-
ing (CS) techniques to jointly estimate sensing 
interference and demodulate communication 
signals. Furthermore, the study [8] assumes that 
CRx has prior information about the sensing sig-
nal sequences, and utilizes alternative optimiza-
tion to iteratively estimate the interference and 
demodulate the communication signals, thereby 
alleviating interference and enhancing communi-
cation performance. Observed from Fig. 4b, the 
interference management [8] improves SINR at 
CRx by around 2.8dB in LoS scenario and 3.5dB 
in Non-LoS (NLoS) scenario.

open Issues And chAllenges
Despite of its promising breakthroughs in recent 
years, the multi-beam ISAC is still facing a plethora 
of open issues that are worth further investigation. 
To improve communication data rate and sensing 
precision, it is important for the ISAC transceiv-
ers to handle the cross-effect. From the aspects 
of transmitter, channel and receiver, below we 
select some important technical challenges point 
by point, which are also illustrated in Fig. 5.

beAMForMIng ArchItecture
Multi-beam ISAC systems require the simultane-
ous activation of time-variant sensing beams and 
time-invariant communication beams, leading 
to asynchronous control for distinct beam com-
ponents. However, both the two primary meth-
ods for generating multi-beam patterns have 
their limitations. The first approach is to gener-
ate separate communication and sensing beams, 
and subsequently superimpose them, which is 
straightforward and supports asynchronous beam 
scheduling. However, it poses challenges in con-
trolling sidelobe leakage, which results in cross-in-

terference between communication and sensing 
beams. Conversely, the second approach approx-
imates the superimposed multi-beam pattern 
directly. This technique provides better control 
over beamforming gains in both communication 
and sensing directions, eff ectively suppressing sid-
elobe eff ects. Nonetheless, it introduces approxi-
mation errors and demands signifi cant additional 
overhead due to asynchronous beam scheduling. 
Additionally, the power imbalances between com-
munication and sensing beams poses more chal-
lenges for power amplifi ers and signal processing, 
especially for Co-located CRx-RRx confi guration. 
To achieve a better trade-off  between beam pat-
tern control and scheduling overhead, there is 
a necessity to explore advanced beamforming 
architectures and beamforming techniques for the 
specifi c requirements of multi-beam ISAC.

selF-InterFerence MAnAgeMent
Since multi-beam ISAC transmitter operates con-
tinuously, continues-wave radar is preferred to 
be applied in ISAC systems with the co-located 
Tx-RRx confi guration, which however introduces 
full-duplex as an inevitable problem. Specifi cally, 
as the ISAC transmitter operates continuously, 
the radar receiver may suffer from pronounced 
self-interference resulting from the leakage of 
transmitted signals. This can undermine the weak-
er echoes from relatively distant targets, causing 
detection performance degradation. To tackle this 
issue, a possible approach is to involve hardware 
isolation between the transmitter and receiver, 
ensuring that the transmitted signal is eff ectively 
isolated from the receiver front-end to minimize 
self-interference. Alternatively, advanced signal 
processing techniques and self-interference can-
cellation algorithms are helpful in distinguishing 
weak echoes from superimposed signals, which 
can signifi cantly enhance the practical applicabil-
ity of multi-beam ISAC systems.

reconFIgurAble IntellIgent surFAce AIded MultI-beAM IsAc
Integrating a reconfigurable intelligent surface 
(RIS) into ISAC systems provides controllable 
reflection paths to supplement coverage in blind 
zone, which is particularly helpful in addressing 
the blockage problem [4]. With its programmable 
meta-surface, the RIS can capture received energy 

FIGURE 4. An example of inter-beam interference in multi-beam ISAC system. The sidelobe leakage and reflection of the sensing beams cause inter-beam 
interference. Interference management methodology improves SINR at CRx in both LoS and NLoS scenarios[8]. 
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and redirect it through reoriented beams, provid-
ing extra degrees of freedom (DoF). Moreover, the 
active RIS can provide higher gains to compensate 
for multiplicative fading. However, the deployment 
of RIS also complicates the ISAC system, which 
necessitates more intricate beam scheduling to 
fully harness the potential of the multi-beam ISAC. 
Specifically, the measurement and control meth-
odology for RIS is essential to strike a balance 
between refl ection gain and signal delay/computa-
tional complexity. Furthermore, the optimal place-
ment, orientation and density of RIS element must 
be carefully designed to maximize benefits while 
adhering to spatial and cost constraints. There-
fore, conducting research on RIS-aided multi-beam 
ISAC holds signifi cant promise for a more effi  cient, 
cost-eff ective, and versatile ISAC solution.

cooperAtIon Method
The multi-beam ISAC architecture provides the 
potential for cooperation between communica-
tion and sensing. However, the current coopera-
tion methods are still in their early stages. To fully 
leverage the gain of cooperation and approach the 
information-theoretic bounds presented in [11], a 
more seamless and intensive cooperation method 
is highly necessary. For communication, sensing-as-
sisted channel estimation is a feasible approach, 
which can reduce channel estimation overhead 
while enhancing estimation accuracy to achieve 
higher CRx SNR. On the sensing side, communica-
tion can facilitate the networking of sensing devices, 
enabling multi-node collaborative sensing, which 
allows a single sensing device to have a broader 
coverage area and higher sensing accuracy.

terAhertZ beAM-sQuInt eFFect
The Terahertz-band (THz-band) ISAC system holds 
great promise for future applications. On one 
hand, the wide bandwidth and short wavelength 
have the potential to simultaneously support ultra-
high data rate communication and ultra-high-res-
olution imaging. On the other hand, the ability 
to penetrate non-metallic materials, such as cloth-
ing and carton, extends sensing application sce-
narios. However, the high frequency and wide 
bandwidth also induce new challenges compared 
with classical microwave frequencies, particularly 
the issue of beam-squint. Specifically, the wide 
bandwidth leads to frequency selectivity in the 

phase-shift-based discrete Fourier transform (DFT) 
beamforming, which means that the diff erent sub-
carriers will have distinct beam directions. As a 
result, the deviation in beam direction can cause 
signifi cant degradation on the array gains for dif-
ferent subcarriers, and lead to beam overlapping 
in the multi-beam scheme. One potential solution 
is to implement programmable time delays for 
time-phase precoding, aimed at suppressing the 
beam squint eff ect. Additionally, leveraging beam 
squint to activate diff erent beams on diff erent sub-
carriers provides an opportunity for multi-beam 
communication sensing systems.

conclusIons
In this article, we have commenced by reviewing 
the development of the multi-beam ISAC system, 
which has attracted much attention due to its 
unique advantages. With superiority in spectrum 
efficiency, flexibility and compatibility, multi-beam 
ISAC has emerged as one of the most promising 
ISAC architectures for practical applications. We 
have illustrated the core technologies of multi-beam 
ISAC from the perspectives of the transmitter, chan-
nel, and receiver, providing insight into how to eff ec-
tively manage the competition and cooperation 
between the communication and sensing modules. 
Finally, the challenges and future research directions 
for multi-beam ISAC are outlined.
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