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transmissions simultaneously [2].
Furthermore, 6G is expected to achieve ubiqui-

tous and seamless network coverage. Nevertheless,

in the unexpected or emergency situations (e.g.,
earthquake, flood, temporal hotspot areas, etc.),
the deployment of terrestrial BSs will be extremely
challenging and economically infeasible due to the
complex geographical environments and high opera-
tional cost [3]. In such scenarios, the communication
and sensing requirements of mobile users cannot be
ensured, and it will further restrict the deployment
and promotion of emerging applications in remote
and hard-to-reach regions. Benefited from low-cost
and flexible deployment, UAV-aided ISAC is a prom-
ising technique to provide ubiquitous sensing and
communication services for mobile users in conjunc-
tion with terrestrial networks, where UAVs serve
mobile users in the scenarios without terrestrial BSs.

Unlike terrestrial ISAC systems, several design
challenges still exist in UAV-aided ISAC. First, UAVs
are fundamentally limited by their weight, size and
battery capacity, which further imposes great restric-
tions on their sensing, communication and endur-
ance abilities. Second, the flexible mobility of UAV
brings additional degree of freedoms to improve the
communication rate and sensing accuracy, which also
makes the system optimization problem extremely
challenging considering the dynamic network environ-
ments and heterogeneous sensing/communication
requirements. Third, unlike terrestrial networks with
non-negligible blockage and shadow fading, UAV has
remarkably higher probabilities to construct line-of-
sight (LoS) air-ground/air-air links that can improve
the ISAC performance, while it also introduces severe
co-channel interference and information leakage
risks. Fourth, UAVs are prone to horizontal and longi-
tudinal jitters caused by wind disturbances. Such jitter
phenomenon will lead to the deviation of sensing/
communication beams, and further degrade the ISAC
performance. Finally, different from the conventional
UAV-aided communications/sensing focusing on
optimizing separated sensing/communication per-
formance, UAV-aided ISAC needs to achieve the
optimal balance between sensing and communica-
tions, which involve the design of new frame struc-
ture, transmit waveforms and resourcemanagement
strategies.

To tackle the aforementioned research chal-
lenges, it is essential to establish a unified theoretical

I. INTRODUCTION 
In 6G era, sensing will play a critical role to support 
various emerging applications, such as autonomous
driving, smart cities, industrial internet of things, and
so forth. Beyond high-performance communication
services, such applications generally require real-time
environmental sensing. Moreover, due to the rapid
increase of mobile devices, the restricted spectrum
resource is envisioned as the main design bottleneck
to satisfy ever-increasing sensing and communica-
tion requirements in future 6G [1]. To tackle this
design challenge, ISAC is recognized as an effec-
tive approach, where hardware equipment and
spectral resources are shared at the base stations
(BS) to conduct target sensing and information 
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and design framework for UAV-aided ISAC systems.
Accordingly, this paper provides a comprehensive
survey that systematically reviews recent research
progress and key enabling technologies in this emerg-
ing area. Specifically, Section II introduces the three-
layer network architecture of UAV-aided ISAC and
highlights its unique performance advantages and
representative applications. Section III illustrates the
key techniques of UAV-aided ISAC, including frame
structure, waveform design, UAV deployment optimi-
zation, operational modes, and resource manage-
ment. Section IV presents a case study to demonstrate
the performance advantages of UAV-aided ISAC. Sub-
sequently, Section V discusses several open research
issues related to energy sustainability, robust system
design, security, and intelligent scheduling. Finally, Sec-
tion VI concludes this paper.

It is worth noting that previous surveys [2], [3]
mainly focus on signal processing techniques and
cooperative sensing in UAV-aided ISAC systems,
whereas [4] provides a review of cellular-connected
UAV-ISAC systems by discussing theUAV’s dual roles
as both a sensing target and an aerial sensing/
communication platform. In contrast, this paper aims
to provide a holistic and multi-layer perspective that
bridges physical-layer signal design with system-level
deployment and optimization theories, thereby offer-
ing integrated insights and practical guidelines for
future research and applications of UAV-aided ISAC.

applications of UAV-aided ISAC.

divided into three layers, i.e., ground layer, air layer,
and space layer. In addition, software defined net-
work (SDN)-based control center is deployed to per-
form network deployment optimization and resource
management in a flexible and efficient manner.

1) Ground Layer: Regarding the ground layer,
heterogeneous wireless access networks (e.g., macro
cells, micro cells, etc.) are deployed to serve a variety
of mobile devices, including mobile phones, wear-
able devices, sensor devices, smart vehicles, etc.In
general, ground networks provide efficient radar
sensing and communication services for mobile users
in urban areas. However, their coverage in remote
regions is limited by high deployment costs, and the
service quality in temporary hotspot areas cannot be
consistently guaranteed. For instance, a large number
of athletes, reporters and audience will pour into
main stadium during the opening of sport games. The
ground BSs are incapable of handling the sudden
surge in service demands caused by the proliferation
ofmobile devices.

2) Air Layer: The air layer encompasses diverse
uncrewed flying platforms, including UAVs, balloons,
and airships, which offer heterogeneous sensing and
communication capabilities. Based on their flight alti-
tudes, these aerial systems are typically classified
into low-altitude platforms (LAPs) and high-altitude
platforms (HAPs). Their coverage ranges are further
influenced by factors such as transmit power and
environmental conditions. Moreover, these aerial
platforms are installed with transceivers to provide
information transmissions and radar sensing services

for mobile users in the scenarios without terrestrial
BSs, such as emergency rescues, environmental mon-
itoring, and so forth. Compared to terrestrial BSs,
unscrewed aerial platforms exhibit distinct advan-
tages including LoS links, flexible mobility, and ease
of deployment. Consequently, UAV-aided ISAC can
also be exploited to enhance the service quality of
mobile users in temporal hotspot areas. Besides, in
order to enhance the coverage area and sensing/
communication capability, multiple UAVs can be
grouped into a UAV swarm for conducting coopera-
tive target sensing and information transmissions.
Moreover, UAVs are equipped with heterogeneous
radio interfaces (e.g., WiFi, long term evolution, etc.)
to communicate with satellites and ground BSs.

Recently, several real-world deployment cases
and experimental testbeds have demonstrated the
feasibility of aerial flying platform-aided ISAC systems.
For instance, Beuster et al. [5] developed a 3.75 GHz
UAV localization testbed that enables high-precision
radar-assisted UAV tracking in complex propagation
environments. The system achieved sub-meter locali-
zation accuracy and verified efficient waveform shar-
ing between sensing and communication.

3) Space Layer: In the space layer, various types
of satellites are deployed to realize global coverage.
According to the distance between the satellite and
earth, satellite orbits are divided into low earth orbit
(700-2000 km), medium earth orbit (8000-20000
km), and geostationary earth orbit (35786 km). Satel-
lites located at different orbits and inter-satellite links
construct a global space-based information network.
With the recent advancement of hardware circuits
and signal processing technique, space layer is able
to provide ISAC services for both air and ground
layers. However, the satellite-to-ground links suffer
from the large free-space path loss and tropospheric
attenuation significantly. Meanwhile, the channel of
satellite-to-UAV links mainly depends on the LoS
component and also suffers from the tropospheric
attenuation. Due to the long space-air and space-
ground transmission distance, the space network can-
not be used to ensure the service quality for delay-
sensitive applications, such as autonomous driving, etc.

nique in 6G due to the following performance
advantages:

1) Beyond LoS Sensing and Communication:
Benefiting from their mobility, UAVs excel in beyond
LoS sensing and communication by accessing areas
that are inaccessible or not visible to fixed terrestrial
BSs. Moreover, their high operating altitudes and the
open aerial environment enable the establishment of
reliable LoS air-to-ground and air-to-air links, thereby
facilitating high-performance radar sensing and
communication.

2) Seamless Sensing and Communication: Due
to the advantages of low-cost and flexible deploy-
ment, UAVs can be released to provide radar sensing
and communication services in remote or hard-to-
reach regionswithout terrestrial BSs.Moreover, UAV-
aided ISAC can be used to tackle some scenarios
with sudden and unexpected service requirements,
such as emergence rescue and temporal hotspot
areas. Based on these observations, UAVs and terres-
trial BSs will cooperate with a complementary man-
ner to provide seamless sensing and communication
services formobile users.

B. PERFORMANCE ADVANTAGES OF UAV-AIDED ISAC
UAV-aided ISAC is envisioned as a candidate tech-  

A. HIERARCHICAL NETWORK ARCHITECTURE 
Fig. 1 shows the overall network framework, which is 

II. UAV-ISAC FRAMEWORK 
In this section, we present the hierarchical network 
architecture, performance advantages, and typical 



3) Multi-UAV Cooperative Sensing and
Communication: In UAV-aided ISAC, multiple UAVs
can cooperatively transmit downlink signals for con-
ducting joint radar sensing and information transmis-
sions, forming a distributed large-scale antenna array
in the sky. Comparedwith terrestrial multi-node coop-
eration, such multi-UAV collaboration offers flexible
three-dimensional deployment and adaptive array
configurations, thereby enhancing LoS connectivity,
mitigating co-channel interference, and improving
both sensing accuracy and communication rate.

4) Service Continuity: In 6G era, a variety of
high-speed mobile applications will be deployed to
improve our daily life, such as high-speed railway,
autonomous driving, etc. For such high-speed appli-
cations, the frequent handover of terrestrial BSs will
greatly degrade the service experience of mobile
users. Integrated aerial platforms into these applica-
tions, mobile devices can enjoy the enhanced
sensing/communication services provided by aerial
platforms with a significantly larger coverage area
for reducing the frequent handover. Furthermore,
the aerial platform can adjust its moving trajectory
to follow the mobile users for ensuring the ser-
vice continuity.

aided ISAC holds great potential to support a variety
of emerging applications, including emergency res-
cue, Internet of Vehicles (IoVs), temporal hotspots,
and so on.

1) Emergence Rescue: In disaster scenarios,
establishing efficient information exchange networks
is crucial for supporting emergency rescue operations
during the initial hours. However, terrestrial BSs may
be completely destroyed by severe natural disasters,
such as earthquakes or floods. In such cases, UAV-
aided ISAC can play a vital role due to its low-cost
and flexible deployment. On one hand, UAVs can
perform environmental sensing to guide rescue
efforts. On the other hand, they can serve as aerial
BSs to ensure reliable information transmission to
wireless terminals.

2) IoVs: In IoVs, the real-time target sensing and
information transmissions are crucial to avoid terrible
traffic accidents. For example, accurately perceiving
surrounding vehicles and objects is essential to ensure
the safe operation of autonomous driving systems.
Given the high mobility of vehicles, only depending
on terrestrial BSs is insufficient to satisfy the strict sens-
ing and communication requirements of intelligent
vehicles. Exploiting the flexible mobility of UAVs,
aerial platforms can be deployed for enhancing the
sensing/communication ability in IoVs.

3) Temporal hotspots: In temporal hotspots,
there exist a large number of mobile devices with
diverse communication and sensing requirements.
For example, during the opening ceremony of sports
games, massive audiences gather in the stadium,
leading to a surge in service demands. The ground
BSs are often incapable of handling such sudden
increases in traffic caused by the proliferation of
mobile devices. To tackle this problem, UAV-aided
ISAC can be employed to assist terrestrial networks
by performing part of the sensing and communica-
tion tasks in these temporal hotspot areas.

4) Embodied and Swarm Intelligence Systems: In
future intelligent systems, embodied intelligence
relies on the efficient integration of sensing,

communication, computation, and control within
physical entities. UAV-aided ISAC provides a versa-
tile platform to support this goal. With joint sensing
and communication capabilities, UAVs can collabo-
ratively perceive their surroundings to achieve real-
time awareness and adaptive decision-making. Mean-
while, by serving as aerial communication and com-
puting nodes, UAVs enable high-rate data exchange,
distributed information processing, and coordinated
control. Such cooperation forms a swarm-intelligent
architecture in which UAVs dynamically adapt their
sensing and communication strategies. Therefore,
UAV-aided ISAC serves as a pivotal technology for
realizing embodied and swarm intelligence by estab-
lishing a tight coupling among sensing, communica-
tion, computation, and control.

for empoweringUAV-aided ISAC from the following
five aspects, i.e., ISAC frame design, ISAC waveform
design, UAV deployment optimization, opera-
tional mode of UAV-aided ISAC, and resource
management.

1) Co-ISAC Frame: In this protocol, all targets are
sensed simultaneously within each time slot while
information transmission to all communication nodes

nication, several types of ISAC frame have been pro-
posed consisting of co-ISAC frame, TDM-ISAC frame,
and hybrid-ISAC frame [6], which are shown in Fig. 2. 

A. ISAC FRAME DESIGN 
In order to coordinate the radar sensing and commu- 

III. KEY TECHNOLOGIES FOR UAV-AIDED ISAC
In this section, we summarize the key technologies 

C. POTENTIAL APPLICATIONS FOR UAV-AIDED ISAC 
Due to its distinct performance advantages, UAV- 

FIG. 1. Hierarchical architecture including space, air, and ground networks.
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occurs concurrently. Consequently, the ISAC beams
must be jointly optimized to cover all sensing targets
and communication nodes. However, the Co-ISAC
frame is inherently affected by co-channel interfer-
ence, which can significantly degrade both sensing
and communication performance. This challenge is
further pronounced in UAV-aided ISAC systems due
to the high probability of LoS links, which amplify
mutual interference among spatially aligned beams.
To mitigate this issue, the UAVs’ hovering positions
and the ISACbeams should be jointly designed to bal-
ance sensing coverage and communication quality.

2) TDM-ISAC Frame: In this protocol, radar sens-
ing and information transmission for multiple targets
or communication nodes are performed in a time-
division manner. Each time slot is dedicated to one
sensing target and one communication node to
reduce harmful co-channel interference. Neverthe-
less, echoes from other targets may still introduce
undesired interference, which can degrade sensing
accuracy. For UAV-aided ISAC systems, trajectory
optimization plays a vital role in sequentially covering
distributed communication nodes and sensing tar-
gets. Such optimization not only satisfies the perfor-
mance requirements of sensing and communication
but also minimizes energy consumption, which is
essential considering the limited battery capacity of
UAVs. Furthermore, the time-varying network topol-
ogy introduced by UAV controllable mobility can be
effectively exploited to enhance spatial diversity and
sensing accuracy.

3) Hybrid-ISAC Frame: This protocol integrates
the advantages of Co-ISAC and TDM-ISAC frames.
Targets are partitioned into multiple groups based
on their geographic distribution. Co-ISAC operations
are applied within each group while TDM-ISAC is

employed across groups. In UAV-aided ISAC sys-
tems, grouping schemes and trajectory planning are
closely coupled. The UAV can dynamically reposition
to form or adjust groups according to spatial correla-
tion andmission priorities. This hybrid design achieves
an effective trade-off between ISAC performance
and design complexity, and it exploits UAV mobil-
ity to ensure reliable coverage and high opera-
tional efficiency.

design holds great potential to eliminate the harmful
co-channel interference between the radar sensing
and information transmissions. Generally speaking,
ISAC waveform can be divided into three categories,
i.e., communication-centric waveform, radar-centric
waveform, and joint waveform [7]. For ease of expo-
sition, Table I summarizes and compares the three
representative ISACwaveforms.

1) Communication-centric Waveform Design:
The key idea of communication-centric waveform is
to utilize and modify classic communication wave-
forms to achieve the radar sensing at the same time,
and the sensing information can be extracted from
the signal echoes reflected by sensing targets. In such
a design, the communication performance is gener-
ally unaffected, and almost all the communication
waveforms are exploited to achieve the radar sensing.
In general, a large portion of classic communication
waveforms can be directly exploited including orthog-
onal frequency division multiplexing (OFDM), single
carrier, index modulation (IM), orthogonal time fre-
quency space (OTFS), etc.

2) Radar-centric Waveform Design: Radar-centric
waveform design is to exploit the radar waveforms to
support the information transmissions simulta-
neously. In general, the radar waveforms contain no
communication information. Therefore, in radar-
centric waveform design, the communication informa-
tion need to be embedded into the radar waveform to
enable target sensing and information transmissions
simultaneously. Based on the information-embedding
approach, radar-centric waveform design is divided
into three categories including information embedded
in spatial domain, information embedded based on
index modulation, and information embedded based
on chirpwaveform [2].

3) Joint Waveform Design: Joint waveform
design aims to jointly optimize the ISAC waveforms
through different performance metrics, such as signal
to interference plus noise ratio (SINR), Cram�er-Rao
bound (CRB), mutual information, etc. Since the joint
waveform design utilizes no existing waveforms, it
exhibits higher flexibility to balance the sensing and
communication performance. In UAV-empowered
ISAC systems, joint waveform design must take into
account UAV trajectory planning, time-varying chan-
nel characteristics induced by UAV mobility, and
energy-aware waveform adaptation, so as to ensure
sustainable operation throughout themission.

ment plays a crucial role in enhancing sensing cover-
age, communication quality, and energy efficiency
through flexible three-dimensional positioning and
mobility control. In general, UAV deployment strate-
gies can be classified into three types, namely

C. UAV DEPLOYMENT OPTIMIZATION 
In UAV-aided ISAC systems, optimizing UAV deploy- 

B. ISAC WAVEFORM DESIGN 
In UAV-aided ISAC systems, the advanced waveform 

FIG. 2. ISAC Frame: (a) Co-ISAC frame enabling simultaneous radar sensing and data
transmission for all nodes, (b) TDM-ISAC frame separating sensing and communication over
orthogonal time slots, and (c) Hybrid frame combining Co-ISAC and TDM-ISAC frames.



hovering mode, flying mode, and hybrid mode, as
illustrated below.

1) Hovering Mode: In the hovering mode, multi-
ple UAVs remain stationary at predefined positions to
simultaneously conduct radar sensing and communi-
cation. The optimal hovering locations and ISAC
beamforming should be jointly optimized to satisfy
the dual requirements of sensing and communica-
tion. In [8], Lyu et al. formulated a weighted sum-rate
maximization problem subject to minimum sensing
beampattern gain constraints. They demonstrated
that optimal UAV placement is crucial for balancing
sensing accuracy and communication throughput.
Although the hovering mode avoids additional flight
energy consumption, its static nature restricts the the
system adaptability to dynamic service requirements.

2) Flying Mode: In the flyingmode, UAV trajecto-
ries are dynamically optimized to accommodate spa-
tiotemporally varying sensing and communication
requirements. As expected, this mode can be discre-
tized into a series of hovering position optimization
subproblems by dividing the operation period into
sufficiently small time slots, during which the UAV is
assumed to remain quasi-static. Compared with the
hovering mode, the flying mode enables more flexi-
ble spatial deployment and thus achieves higher
ISAC efficiency. However, it also results in greater
flight energy consumption and increased trajectory
planning complexity.

3) Hybrid Hovering and Flying Mode: To balance
the advantages and drawbacks of both hovering and
flying modes, a hybrid deployment strategy can be
adopted. As analyzed in [9], the aerodynamic power
of a UAV consists of induced, profile, and parasitic
drag components, which are determined by its spe-
cific flight state. During hovering, aerodynamic
power is primarily dominated by induced and profile
power, with parasitic drag being negligible, making
hovering near sensing targets or communication
nodes energetically advantageous. In horizontal
flight, parasitic drag increases cubically with velocity,
in addition to profile and induced power, indicating
that flight paths should be short, direct, and operated
at moderate speeds. Based on these observations,
for UAV-aided ISAC networks covering distributed
communication nodes and sensing targets, a hybrid
deployment strategy that combines hovering at
key points with flight across multiple distributed
nodes and targets can efficiently balance sensing/

communication performance with overall energy
consumption.

separated mode, cooperative mode, and hybrid
mode.

1) Separated Mode: In this mode, UAVs perform
sensing and communication tasks in a separate man-
ner. As shown in Fig. 3(a), from the aspect of commu-
nication, the UAV and its associated users will suffer
from severe co-channel interference from the infor-
mation transmissions of adjacent UAVs and users. In
particular, the LoS dominant air-air and air-ground
channels make the interference problems even more
terrible. From the aspect of sensing, the two-link echo
signal for radar sensing experiences the interference
from single-link transmit signals of adjacent UAVs and
users. Therefore, it is crucial to design efficient coun-
termeasures to tackle such interference.

2) Cooperative Mode: In the cooperative mode,
as illustrated in Fig. 3(b), multiple UAVs perform radar
sensing and information transmission collaboratively
to enhance the overall performance of UAV-aided
ISAC systems. From the communication perspective,
the virtual array gain enabled by cooperative multi-
UAV transmissions can effectively mitigate harmful
interference and improve spectral efficiency. From
the sensing perspective, multiple UAVs can jointly
conduct radar sensing to extend coverage and
enhance sensing accuracy. Nevertheless, precise
clock synchronization among cooperating UAVs is
essential to prevent performance degradation in
multi-UAV cooperative sensing and communication.

3) Hybrid Mode: Although the benefits brought
by the cooperative mode, it also introduces high sig-
nal processing complexity and strict synchronization
requirements. Therefore, as shown in Fig. 3(c), the
hybrid mode is recognized as a suitable solution to
balance the sensing/communciation performance
and design complexity, in which a part of UAVs work
in cooperative mode, and the others operate in sepa-
rated mode. In this mode, it is important to select
proper UAVs to conduct cooperative sensing and
communications.

UAV-aided ISAC systems, as UAVs are typically sub-
ject to stringent constraints on communication and

E. RESOURCE MANAGEMENT 
Resource management is a critical component in 

D. OPERATIONAL MODE OF UAV-AIDED ISAC 
In UAV-aided ISAC, the operational model includes 

Waveforms Design Principles Advantages Limitations

Communication-
centric waveform

Utilizing existing communication
waveforms for sensing.

� Direct compatibility with current
communication standards (e.g.,
OFDM, IM, OTFS).
� High spectral efficiency for data
transmission.

Limited sensing accuracy due
to the absence of dedicated
radar features.

Radar-centric
waveform

Exploiting existing radar
waveforms for communication.

� High-resolution target detection
and parameter estimation.
� Leveraging mature radar signal
processing techniques.

Restricted data transmission
rate.

Joint waveform
design

Designing ISAC waveforms by
optimizing either communication
or sensing performance while
satisfying constraints imposed by
the other.

Facilitating a flexible trade-off
between communication and
sensing performance.

Increased design and
implementation complexity.

TABLE I. Comparison of ISAC waveform design approaches.



sensing capability, as well as energy endurance. How-
ever, the inherently conflicting design objectives
of sensing and communication, together with the
strong coupling between UAV mobility control and
multi-dimensional resource allocation, make the
joint optimization problem highly challenging. Exist-
ing literature on resource management for UAV-
aided ISAC systems can be broadly categorized into
two classes: model-driven approaches and learning-
driven approaches.

1) Model-Driven Resource Management: Model-
driven approaches typically formulatemathematically
tractable frameworks to optimize specific perfor-
mance objectives, such as maximizing the sum rate,
minimizing power consumption, or improving sens-
ing accuracy. In [8], [10], the authors investigated
joint UAV trajectory and transmission optimization
strategies to enhance communication throughput
while satisfying desired sensing beampattern con-
straints. Wu et al. [11] employed Kalman filtering to
predict the motion states of sensing targets and
derived the corresponding CRB from these estimates,
based on which a joint trajectory scheduling and
association control algorithm was developed to bal-
ance sensing accuracy and communication perfor-
mance. Similar to mutual information to evaluate the
information bit, sensing mutual information measures
the environmental information contained in the
echo signals. In [12], Ouyang et al. investigated the
mutual information-based optimization framework
for ISAC. They further revealed the performance of

byDRL.
1) Parameter Setup:We consider a representative

UAV-aided ISAC scenario consisting of one UAV,
two communication users, and one sensing target.
The coordinates of the communication users and the
sensing target are set to ([25m, 75m, 0m], [75m,
75m, 0m]) and [50m, 25m, 0m], respectively. The
UAV is equipped with a uniform linear array of eight
antennas, where four antennas are dedicated to com-
munication and the remaining four are allocated for
sensing. The UAV flies at a fixed altitude of 50 meters
with a maximum horizontal velocity of 15 m/s. The
duration of each time slot and the total mission time
are set to 0.25 s and 40 s, respectively. The air-to-
ground channels are assumed to be LoS domi-
nated, with a path loss of −30 dB at unit distance.
The noise power at each communication user and

IV. CASE STUDY: DRL-BASED JOINT BEAMFORMING 
AND TRAJECTORY OPTIMIZATION FOR 

UAV-AIDED ISAC 
In this section, we present a case study on DRL- 
based joint beamforming and trajectory optimization
method for UAV-aided ISAC, aiming to demonstrate
both the performance advantages of UAV-aided
ISAC and the adaptability enhancement brought 

downlink and uplink ISAC systems, and quantified the
performance gap between ISAC and frequency-
division sensing and communication schemes. Further-
more, total cost minimization have been integrated
into UAV-aided ISAC design. For example, Liu et al.
[13] aimed to minimize the weighted sum of energy
consumption and latency in UAV-aided ISAC for
IoV networks. 

Although model-driven methods provide solid the-
oretical foundations and valuable design insights, they
often suffer from high computational complexity, lim-
ited scalability, and poor adaptability to dynamic net-
work environments (e.g., random channel variations
and user mobility). Moreover, their strong reliance on
accurate system modeling considerably restricts their
applicability in practical UAV-aided ISAC scenarios. 

2) Learning-Driven Resource Management:
Benefiting from their ability to interact with dynamic
environments, deep reinforcement learning (DRL)
techniques have demonstrated strong potential for
adaptive trajectory planning and resource manage-
ment in UAV-aided ISAC systems. In [14], Gao et al.
developed a DRL-based framework that jointly opti-
mizes UAV trajectory and beamforming to maximize
the communication sum rate under sensing beampat-
tern constraints. Huroon et al. [15] further employed
reconfigurable intelligent surfaces (RISs) to enhance
UAV-aided ISAC and proposed a multi-agent DRL
framework for joint trajectory and resource optimi-
zation, aiming to improve both sensing signal-to-
noise ratio and communication throughput. Simula-
tion results demonstrated that DRL-based methods
achieve superior ISAC performance while substan-
tially reducing computational complexity compared
with conventional model-driven approaches. 

Based on above descriptions, resource manage-
ment in UAV-aided ISAC has evolved from model-
driven optimization to learning-driven strategies. This
transformation improves adaptability and scalability,
laying a solid foundation for real-time mobility optimi-
zation and intelligent resource coordination in UAV-
aided ISAC networks. 

FIG. 3. Operational mode of UAV-aided ISAC: (a) Separated mode with independent sensing
and communication, (b) Cooperative mode with joint multi-UAV operations, and (c) Hybrid
mode integrating separated and cooperative modes.



the UAV receiver is set to −84 dBm and −102 dBm,
respectively.

Meanwhile, the twin delayed deep deterministic
policy gradient (TD3)-based DRL method is exploited
to solve the joint trajectory and beamforming optimiza-
tion problem for considered UAV-aided ISAC system.
The reward function integrates two key performance
metrics. The first is energy efficiency, measured as the
ratio between the total system throughput and the
UAV’s energy consumption. The second is target
detection reliability, which requires the detection prob-
ability to remain above a specified threshold to ensure
sensing performance. Accordingly, the reward is
defined as Reward¼ g1Eþ g2P, where g1 and g2
denote weighting coefficients, E represents the energy
efficiency, and P denotes the penalty term. Specifically,
P is set to 1 when the achieved target detection proba-
bility satisfies the threshold; otherwise, P is equal to 10
times the difference between the achievable target
detection probability and the predefined threshold.

2) Benchmark Methods: For comparison, three
benchmark schemes are considered: 1) Fixed Flying
Trajectory (FFT)-Based UAV-ISAC: The UAV moves
at a constant velocity along a predefined straight path
from the starting point to the ending point, while
beamforming is optimized utilizing the TD3-based
DRL algorithm; 2) TD3-Based Ground BS-Aided
ISAC: A terrestrial BS conducts both downlink com-
munication and target sensing, where the radar and
information beamformers are optimized through the
TD3-based DRL approach; 3) Maximum Ratio Trans-
mission (MRT)-Based Scheme: The UAV adopts MRT
beamforming for both communication and sensing,
while its flight trajectory is optimized via the TD3-
basedDRL algorithm.

3) Performance Evaluation of DRL-Based UAV-
ISAC: Fig. 4(a) illustrates the convergence behavior of
the proposed TD3-based method under different
learning rates. It can be observed that the reward
achieved by the TD3-based algorithm is initially low
due to the lack of prior experience. As the number
of training episodes increases, the accumulated
reward grows rapidly and converges after approxi-
mately 5000 episodes. This result indicates that the
TD3 agent effectively learns a stable beamforming
and trajectory optimization policy through suffi-
cient training.

Fig. 4(b) presents the relationship between the tar-
get detection probability threshold and the total
throughput. It is observed that the total throughput
decreases as the detection probability threshold
increases, since more transmission power must be
allocated for sensing, leaving less available power for
communication. Additionally, the proposed TD3-
based UAV-aided ISAC scheme achieves a signifi-
cantly larger communication-sensing performance
region compared to all benchmark methods. This
improvement arises from its ability to adaptively opti-
mize the UAV’s trajectory and beamforming strategy
in response to dynamic channel conditions, thereby
maintaining an effective balance between sensing
and communication performance.

ISAC, several design challenges and open research
issues remain to be addressed for its practical
implementation.

aided ISAC is fundamentally restricted by limited
battery capacity of UAVs. In addition, except for the
conventional flying energy consumption, the non-
negligible radar sensing and communication energy
consumption exacerbate the energy shortage prob-
lem of UAV. Therefore, how to prolong the lifetime
of UAV to ensure the service sustainability is recog-
nized as an important research topic for UAV-aided
ISAC systems. To tackle this issue, on the one hand, it
is essential to design energy-efficient trajectory opti-
mization and transmission strategies for balancing
ISAC performance and UAVs’ energy consumption.
On the other hand, as illustrated in Fig. 5(a), hybrid
energy-powered UAVs have emerged as a promising
solution. In addition to onboard batteries, UAVs are
equipped with renewable energy harvesting devices,
such as solar panels, to extend their operational
endurance. In this context, it is essential to jointly opti-
mize the sensing and communication performance
whilemaintaining the energy sustainability of UAVs.

A. SERVICE SUSTAINABILITY OF UAV-AIDED ISAC 
Unlike terrestrial BSs with stable energy supply, UAV- 

V. DESIGN CHALLENGES AND OPEN ISSUES 
Despite the significant potential of UAV-aided 

FIG. 4. Performance evaluation of DRL-based UAV-ISAC: (a) Convergence of TD3-based
method under different learning rate, and (b) Performance comparison of TD3-based UAV-
ISAC with existing benchmark methods.



UAVs are susceptible to horizontal and longitudinal
jitters caused by wind disturbances. As shown in
Fig. 5(b), such jitters will lead to the deviation of ISAC
beams, and further degrade the performance of sens-
ing and communications. Meanwhile, because of the
estimation errors and limited information feedback,
the channel state information (CSI) cannot be per-
fectly perceived in UAV-aided ISAC systems. As
expected, the imperfect CSI will incur a negative
impact on the sensing and communication perfor-
mance, due to the beamforming gain tightly associ-
ated with accurate channel estimation. Therefore, it is
essential and challenging to develop robust trajectory
optimization and beamforming strategy for UAV-
aided ISAC systems considering imperfect CSI and
horizontal/longitudinal jitters of UAVs.

the flying altitude and open space bring the high
probability to construct LoS air-ground and air-air
links. Such LoS links can enhance sensing and com-
munication performance, while simultaneously
increasing the risk of information leakage. Since the
conventional data-encryption methods are gener-
ally computation-intensive, they are unsuitable to
be adopted in resource-constrained UAVs. In order
to avoid information leakage, the physical-layer security

technique is envisioned as a candidate solution in
UAV-aided ISAC systems, where the artificial noise
should bedesigned to contaminate the eavesdropping,
and meanwhile ensuring the sensing/transmission per-
formance. Meanwhile, since the eavesdroppers tend
to be silent, it is difficult to obtain perfect CSI of eaves-
dropping links. Therefore, it is crucial to design secure
sensing and communication strategies for UAV-aided
ISACconsidering imperfect CSI.

requirements will be highly stringent and dynamically
varying across time and space. Comparedwith terres-
trial BSs with fixed deployment positions, UAVs pos-
sess flexible mobility, offering new opportunities and
challenges for meeting dynamic spatio-temporal ser-
vice requirements. Leveraging its adaptability to com-
plex environments, DRL has emerged as a promising
approach for online trajectory and beamforming
optimization, as it can learn optimal control policies
from environmental feedback to enable autonomous
ISAC operation under dynamic conditions. Neverthe-
less, further studies are required to improve the
convergence stability, interpretability, and multi-UAV
coordination in large-scale UAV-ISAC networks.

Meanwhile, federated learning (FL) provides an
effective framework for enabling cooperative intelli-
gence in multi-UAV ISAC networks, allowing multiple
UAVs to collaboratively train an environment-aware

C. SECURITY OF UAV-AIDED ISAC 
As shown in Fig. 5(c), in UAV-aided ISAC systems, 

D. AI-EMPOWERED UAV-ISAC 
In future 6G networks, sensing and communication 

B. ROBUST UAV-AIDED ISAC 
Due to their small size and lightweight structure, 

FIG. 5. Open issues of UAV-aided ISAC: (a) Service sustainability of UAV-aided ISAC, (b) Robust UAV-aided ISAC, (c) Security of
UAV-aided ISAC, and (d) AI-empowered UAV-ISAC.



learning model while preserving data privacy. As illus-
trated in Fig. 5(d), each UAV locally collects
environment-related data such as target echo features
and user location information to update its localmodel.
The optimized parameters are then uploaded for
global aggregation and subsequently redistributed to
all UAVs. Through iterative model updates, UAVs can
jointly adapt beamforming, trajectory design, and
resource allocation strategies in dynamic environ-
ments.However, this iterative learningprocess imposes
considerable communication and computation bur-
dens, making training latency and energy consumption
major challenges. Therefore, future research should
concentrate on the joint optimization of communica-
tion and computing resources, together with adaptive
model aggregation and lightweight learning architec-
tures, to balance model training efficiency and energy
consumption in FL-enhancedUAV-ISAC systems.

propagation environments, RISs and movable anten-
nas (MAs) exhibit great potential for enhancing UAV-
aided ISAC systems. When the direct UAV-user or
UAV-target links are obstructed by obstacles, RISs
can establish virtual cascaded reflection links to enable
reliable information transmission and target sensing. In
addition to the virtual link gain, the amplitudes and
phase shifts of RIS elements can be jointly optimized to
achieve fine-grained reflect beamforming, therebymiti-
gating co-channel interference between sensing and
communication signals. Meanwhile, MAs offer addi-
tional spatial degreesof freedom for ISACperformance
enhancement by dynamically adjusting antenna posi-
tions toward more favorable locations. In this context,
the joint optimization of RIS configuration, UAV tra-
jectory, MA placement, and transmission strategy
becomes meaningful and challenging for improving
the overall communication and sensing performance
of RIS- andMA-assistedUAV-ISAC systems.

tion networks have emerged as a promising architec-
ture for future 6G, offering ultra-secure, low-latency,
and globally connected information exchange. By
linking terrestrial, aerial, and space segments through
quantum links, these networks provide flexible, recon-
figurable, and seamless connectivity. UAVs within this
framework act as aerial quantum BSs, dynamically
establishing and maintaining quantum links via adap-
tive trajectory control and beamforming optimization,
thereby extending connectivity to remote or dynamic
environments. Beyond secure communications, quan-
tum technologies enable high-precision UAV-aided
sensing by exploiting entanglement, superposition, and
state estimation, achieving accurate target detection
and localization even under adverse channel condi-
tions. Therefore, integrating quantum communication
and sensing into a unified framework thus supports
secure, intelligent, and environment-aware UAV-
enabled ISAC systems.Nonetheless, challenges related
to quantum decoherence, synchronization, and
resourcemanagement call for further research on resil-
ient protocols and scalable network architectures.

maturity.
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F. QUANTUM COMMUNICATIONS AND SENSING FOR 
SPACE-AIR-GROUND INTEGRATED NETWORKS 

Space-air-ground integrated quantum communica- 
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E. RIS- AND MA-ENHANCED UAV-ISAC 
Benefiting from their ability to reconfigure wireless 

VI. CONCLUSION 
This article provided a comprehensive survey on 
UAV-aided ISAC. The hierarchical network frame-
work, performance advantages, and potential appli-
cations of UAV-aided ISAC were highlighted. In
addition, key technologies, including frame structure,
waveform design, UAV deployment optimization,
operational modes, and resource management were
illustrated to promote the implementation of UAV-
aided ISAC. Furthermore, a case study was presented
to demonstrate the performance advantages of UAV-
aided ISAC. Despite these advances, several impor-
tant design challenges remain existed, such as ensur-
ing service sustainability, robustness, and security.
Besides, emerging technologies, including AI, RISs,
MAs, and quantum techniques, offered promising
avenues to further enhance UAV-ISAC capabilities.
Since this research topic is still in its infancy, we expect
that this article will provide valuable guidance for
researchers to advance this technical area toward 
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