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Abstract: With the evolution of fifth-generation (5G) to sixth-generation (6G) communication sys-
tems, the utilization of spectrum resources faces incremental challenges. Integrated sensing and
communication (ISAC) technology, as a crucial element in 6G technology, is expected to enhance
energy efficiency and spectrum utilization efficiency by integrating radar and communication signals,
achieving environmental awareness, and enabling scene interconnection. Simultaneously, to realize
the vision of seamless coverage in 6G, research on integrated satellite-terrestrial communication
has been prioritized. To integrate the advantages, ISAC for integrated satellite–terrestrial networks
(ISTNs) in 6G has emerged as a potential research direction. This paper offers an extensive overview
of the present state of key technologies for ISAC and the development of ISTNs. Meanwhile, with
a focus on the ISTN-oriented 6G ISAC system, several hotspot topics, including future application
scenarios and key technological developments, are outlined and demonstrated.

Keywords: integrated sensing and communication (ISAC); integrated satellite–terrestrial networks
(ISTNs); waveform design; beamforming

1. Introduction

In recent years, with the large-scale commercialization of fifth-generation (5G) wireless
networks, sixth-generation (6G) wireless networks have become the focus of a new round
of technological competition [1]. It is expected that society will step into a new era of intelli-
gent 6G in 2030 [2]. The visions of 6G include further enhanced mobile broadband, massive
machine-type communication, ultra-massive machine-type communication, long-distance
and high-mobility communications, and extremely low-power communications [3,4]. It is
anticipated that 6G will achieve deep integration between intelligent applications and net-
works to enable appealing use cases such as virtual reality and environment sensing based
on artificial intelligence and the Internet of Things (IoT) [5]. Therefore, 6G is considered
an essential driver for many emerging applications, which require high-quality wireless
connectivity as well as high-precision and robust sensing capability [6].

Existing terrestrial communication mainly focuses on terminals in urban areas, but the
coverage performance is poor in remote mountainous areas, deserts, and oceans due to the
lack of base stations (BSs), while satellites can be used to extend the coverage of terrestrial
communication networks [7,8]. The integrated satellite–terrestrial networks (ISTNs) will
combine satellite communication and terrestrial communication to pave the way for wide-
area coverage and seamless connectivity [9]. Meanwhile, with the rapid growth of the
wireless communication industry and the ever-increasing demand for connection services,
spectrum resources are becoming increasingly scarce [10]. Conventional sensing and
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communication systems are typically designed separately and operate within distinct
frequency bands. However, due to the evolution of technologies such as millimeter wave,
terahertz, and massive multiple-input multiple-output (MIMO), communication signals
in high-frequency bands typically exhibit high resolution in both the time and angular
domains, allowing for high-precision sensing based on communication signals. Integrated
sensing and communication (ISAC) enables communication systems and radar systems to
utilize the same frequency band and hardware for enhancing energy efficiency, boosting
spectrum efficiency, and lowering hardware expenses. In recent years, extensive research
has been conducted on terrestrial communication and sensing. However, considering the
ubiquitous connectivity of 6G, the research on satellite–terrestrial ISAC is meaningful. In
the future, ISAC technology will be further integrated into the ISTNs to realize a more
efficient and intelligent integrated architecture and achieve global cooperative sensing.

At the current stage, ISAC technology research towards ISTNs faces the following
challenges. (1) The application scenarios of satellite–terrestrial ISAC have not been clearly
defined, and it is necessary to explore potential scenarios ISAC towards ISTNs. (2) For
the new type of integrated system, the original technology may no longer be applicable.
Therefore, new key technologies derived from the integrated system need to be explored to
provide key support for the integrated system.

The primary goal of this paper is to provide an overview and outlook on the develop-
ment of ISAC towards ISTNs. These mainly include potential scenarios, key technologies,
and future research directions. Through this paper, we hope it can be an opportunity to
outline a way forward to realize ISAC towards ISTNs in the future.

The main contributions of this paper are summarized as follows:

• We studied the development of existing ISAC in various frequency bands and analyzed
the characteristics of existing technologies.

• We summarize the development status of ISTNs, key technologies, and networking
architectures.

• We propose three use cases for the future ISAC towards 6G ISTNs. Using the character-
istics of ISTNs, we discuss the road for the existing ISAC technology towards ISTNs.

The remainder of this paper is organized as follows. In Section 2, we introduce the
historical development history, evaluation metrics, prototypes, and key technologies of
ISAC. In Section 3, we present the development status, key technologies, and network
architecture of ISTNs. In Section 4, we introduce the possible application scenarios and
key technologies in the future ISAC towards 6G ISTN system and present our perspectives
on the evolution direction of ISAC technology towards ISTNs. In Section 5, we present
potential research directions for the future development of ISAC towards ISTNs. Finally, in
Section 6, we present our concluding remarks.

2. The Development Status and Key Technology Of ISAC

With the development of 6G technologies, ISAC has emerged as a focal point of
6G research, drawing significant interest and active participation from standardization
organizations and research institutes, such as the International Telecommunication Union
(ITU), Hexa-X, the Institute of Electrical and Electronics Engineers (IEEE), and the 3rd
Generation Partner Project (3GPP). In Table 1, we list some institutes that are actively
participating in ISAC research.
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Table 1. The work of institutes participating in ISAC research.

Institutions Related Work

ITU ITU considers ISAC as an emerging technology trend for the future [11].

Hexa-X Hexa-X considers ISAC as one of the main architectures of 6G and emphasizes its
role in sensing services [12].

IEEE In IEEE 802.11bf, it focuses on enhancing wireless local area network sensing [13].

3GPP 3GPP summarized and proposed the future use cases and service requirements
of ISAC [14].

2.1. History of Development

The development of ISAC originated in the last century. At first, radar and communi-
cation systems were two separate systems that developed independently and gradually
moved towards integration with the evolution of 5G technology. In the 1860s, Mealey
et al. [15] combined communication and radar sensing technology for the first time and
used radar to transmit pulse code groups, in which part of the pulses in each group were
used for information transmission. The authors of [16] proposed the first ISAC scheme
using chirp signals. Braun et al. [17–19] explored how to use orthogonal frequency division
multiplexing (OFDM) for waveform parameter design in ISAC. Liu et al. [6,20–22] reviewed
the overall development of ISAC in recent years. They introduced the process of ISAC
from the stage of radar and communication evolving separately to the gradual integration
between two systems, ultimately realizing ISAC. At present, universities, enterprises, and
standardization organizations have actively participated in the research of ISAC technology,
which greatly promotes the development of ISAC.

2.2. Evaluation Indicators

With the development of existing ISAC technologies, several evaluation metrics have
been commonly used as a basis for measuring the performance of ISAC, and in this
subsection, we present the commonly used existing metrics.

(1) MSE

Mean squared error (MSE) is a statistical measure that quantifies the average squared
difference between predicted and actual values. It is often used as an evaluation metric to
measure the consistency between the optimized radar beam and the desired beam in ISAC.
In [23], MSE is used as the radar beam objective function at time 0, to accurately align the
target direction with the known position.

MSE =
1
n

n

∑
i=1

(θi − θ̂i)
2, (1)

where θi and θ̂i denote the ideal and estimated value in direction i, and n denotes the
number of directions.

(2) CRB

The Cramér–Rao bound (CRB) stands for the lowest possible variance attainable for
any unbiased estimator of the parameter θ that is unbiased and calculated by inverting the
Fisher information.

The accuracy of ISAC parameter estimation is usually measured by the CRB. The
authors of [24] use the CRB as the target estimation, and the CRB is denoted as

CRB(θ) =
σ2

Rtr(AH(θ)A(θ)Rx)

2|α|2L(tr(ȦH(θ)Ȧ(θ)Rx)tr(AH(θ)A(θ)Rx)− |tr(ȦH(θ)A(θ)Rx)|2
, (2)
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where L represents the length of frame, σ2
R is the variance of Gaussian noise, θ is the azimuth

angle of the target relative to the BS, α is the reflection coefficient, RX denotes the sample
covariance matrix of X, and Ȧ(θ) = ∂A(θ)

∂θ .

(3) SCNR

Signal-to-clutter-noise ratio (SCNR) represents the ratio of radar sensing signal to
clutter plus noise signal, which can effectively measure the quality of radar signal in an
ISAC system. In [25], the problem of maximizing the sensing SCNR was formulated to
optimize the performance of the system. SCNR can be expressed as

ω∗ = arg max
|ωH A(θ0)x|2
ωH(Rc + I)ω

, (3)

where ω denotes the received beamforming vector, Rc is a corresponding covariance matrix,
θ0 is the location of radar target, x ∈ C1×Nt is composed of the data signal for all users, and
A is a matrix representing the product of the transmit and receive array steering vectors.

(4) SINR

Signal-to-interference-plus-noise ratio (SINR) is a crucial performance metric that
measures the quality of the received signal. It can effectively measure the quality of
communication signal in an ISAC system. In [26], it is used as a condition to constrain the
optimal solution of the target function. SINR can be mathematically expressed as

SINR =
Ps

Pi + Pn
, (4)

where Ps, Pi, and Pn denote the power of signals, interference, and noise.

(5) Achievable rate

The achievable rate refers to the transmission throughput that can be realized under the
given communication channel conditions and is an important indicator for communication
performance evaluation. In [27], in the communication performance-centric ISAC, the
achievable rate is optimized as a constraint objective to realize optimal communication
performance.

R = log2 (1 +
S
N
), (5)

where S is the power of signal, and N is the power of noise.

(6) Energy efficiency (EE)

With the rapid growth of energy-saving demand, EE has attracted increasing attention
as an important performance metric. The authors of [28] defined the objective function of
EE as

η =
E1(W)

E2(W)
, (6)

where W is the coefficient of beamforming, E1(W) is the weighted sum rate, and E2(W) is
total power consumption. In [29], the authors studied the EE optimization problem of rate
splitting multiple access in ISTNs. By using the constrained soft actor–critic algorithm, EE
is optimized to achieve the goal of energy saving.

2.3. Prototypes Studies

With the development of ISAC, multiple universities and companies have conducted
hardware experiments on ISAC prototypes and gradually applied ISAC in practical scenar-
ios; for example, China Telecom and ZTE have utilized ISAC to ensure low-altitude safety
during the Asian Games [30]. These experiments involve the construction of practical
systems to further test and optimize the performance of ISAC systems. They are conducted
on the 6G ISAC prototype across various frequency bands and scenarios to validate the
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system performance with different metrics. To meet the performance requirements of ISAC,
multiple research teams have initially built experimental ISAC systems.

2.3.1. Prototype Based on the Sub-6 GHzFrequency Band

In [31], an ISAC system based on OFDM was developed. The system operates at a
central frequency of 4 GHz with a bandwidth of 400 MHz. This system enables indoor
target localization and tracking. The sensing signal processing includes basic processing,
interference suppression, and system calibration. Considering the prototype’s signal
bandwidth and constrained by the coherent processing interval, algorithm optimization is
proposed to enhance the resolution performance of the system.

2.3.2. Prototype Based on the Millimeter-Wave Frequency Band

As millimeter-wave is regarded as a key technology in the context of 6G, the photonic-
based ISAC systems have received widespread attention due to their ability to generate
high-frequency broadband signals of millimeter wavelengths using the optical devices [32,33].

In [34], the system consists of an ISAC BS and sensing targets. By using the universal
OFDM waveform in the millimeter-wave frequency band, with a center frequency of
28 GHz and a bandwidth of 400 MHz, the BS can sense the environment in real-time with
high resolution. The study focuses on the impact of uneven cyclic prefixes on various
sensing algorithms for Doppler estimation, and three methods are investigated to resolve
this issue.

In [35], the baseband signal is generated through the digital-to-analog converter
module and intermediate frequency module from the millimeter-wave platform. It is
upconverted by the 28 GHz RF head to reach the phased array antenna, where the receiving
antenna at the target can receive the communication data of the integrated signal. At the
same time, the receiving end of the integrated system demodulates the reflected echo of the
sensing-integrated signal, enabling synchronous updating of target position information.
The test results confirm that the proposed algorithm can achieve acceptable target detection
performance within a 10 m range with an average position error of 0.189 m, as well as a
stable data rate of 2.86 Gbps, in the 28 GHz millimeter-wave frequency band.

2.3.3. Prototype Based on the Terahertz Frequency Band

Terahertz (THz) refers to the electromagnetic waves with frequency ranging from
300 GHz to 3 THz, which is one of the key enabling technologies for 6G mobile communica-
tion [36]. The communication system in the THz frequency band has received widespread
attention in the research of ISAC due to its ultra-large communication bandwidth. Based
on the ultra-large bandwidth, it can achieve extremely high precision in positioning and
tracking technology solutions.

In [37], the prototype adopts THz compound semiconductor devices, digital-to-analog
and analog-to-digital converter boards, and low-complexity signal processing technology.
The experimental bandwidth is 13.6 GHz, and the radio frequency range is 220 GHz, which
can simultaneously provide long-distance coverage of up to 3.5 km, a high data rate of up
to 240 Gbps, and a high spectral efficiency of 17 bit/s/Hz for ISAC services.

In [38], a THz sensing prototype with millimeter-level imaging resolution is built to
demonstrate the feasibility of THz-ISAC, considering the physical aperture constraints of
typical mobile devices. A solution of virtual aperture with a MIMO structure and sparse
scanning approach is proposed. The prototype operates at a carrier frequency of 140 GHz
with an 8 GHz bandwidth. The feasibility of achieving millimeter-level sensing resolution
using THz communication signals is verified.

2.3.4. Prototype Based on the Optical Wireless Frequency Band

As the next generation of wireless communication technology, 6G will integrate com-
munication and sensing capabilities. It is gradually extending into the optical spectrum
in some home and industrial applications. Due to the significant gap between the optical
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spectrum and the traditional electromagnetic spectrum, it does not cause electromagnetic
interference to traditional radio frequency bands. It is particularly suitable for sensitive
environments such as smart healthcare and industrial manufacturing.

In [39], to meet the high communication rate and high-precision sensing requirements
in scenarios such as healthcare and industry automation, the Huawei 6G research team
has proposed ISAC with optical wireless. Through optical wireless links such as visible
light and infrared spectra, precise sensing and localization of robots can be achieved, and
remote commands can be given to the robots. The optical link in the prototype also enables
high-speed wireless transmission of real-time video between the robot and the controller.
By detecting subtle changes in facial color or abdominal movement, the prototype can
monitor a person’s heartbeat and respiratory status in a real-time and non-contact manner.

2.4. Key Technology
2.4.1. Waveform Design for ISAC

The integrated waveform of ISAC is capable of simultaneously accomplishing the
functions of radar detection and communication signal transmission. Among the existing
integrated signals, they can be mainly divided into three types, which are the waveform
centered on communication, the waveform centered on radar, and the new integrated
waveform [40].

The communication waveform is mainly based on OFDM. In [22], the authors sum-
marized a series of integrated waveforms centered on OFDM, including the integration
of OFDM and linear frequency modulation (LFM), the combination of OFDM and phase
coding, and the union of OFDM and spread spectrum. They also compared the advan-
tages and disadvantages of different waveform combinations. A dual-functional radar-
communication (DFRC) system [41] utilized the proposed OFDM radar waveform design
technique to maximize the communication capacity. It can achieve a performance trade-off
between two subsystems. ISAC based on orthogonal multiple access (OMA) has achieved
remarkable results. In recent years, academic researchers have also conducted certain
research on ISAC with non-orthogonal multiple access (NOMA). NOMA superimposes
the signals of multiple users in the same frequency band, improving the spectrum uti-
lization efficiency and enhancing the system transmission rate. It can mitigate inter-user
interference when the channels are highly correlated or the system is overloaded. In [42],
the authors revealed the trend of ISAC access technology, transitioning from orthogo-
nal to non-orthogonal; introduced the basic models of the downlink and uplink ISAC;
and effectively eliminated interference between users through rational design and new
sensing-to-communication interference.

Within the radar waveform-based ISAC waveforms, the frequency-modulated con-
tinuous wave (FMCW) can measure the distance and velocity of objects. This is achieved
by transmitting a continuous waveform with a continuously changing frequency and
observing the frequency shift of the reflected signal. In [43], the authors embedded the
communication signal into the radar pulse signal by using different beams and index
modulation to achieve communication and detection. In [44], the authors conducted a
waveform design based on FMCW and indexed modulation. It is demonstrated that the bit
error ratio (BER) performance is superior to methods utilizing only phase modulation.

Among the new waveforms, orthogonal time frequency space (OTFS) [45] has the
advantage of adapting to the high Doppler frequency shift environment. An ISAC scheme
based on OTFS [46] is proposed to mitigate the impact of communication signals on radar
sensing in the time-frequency domain through the method of echo preprocessing. In [47],
the authors proposed an efficient approximate maximum likelihood algorithm based on
OTFS, which is superior for distance and velocity estimation. The authors of [48] used
OTFS for ISAC-assisted receiver design and utilized the novel deep residual denoising
network framework to achieve effective channel estimation, which has higher performance
and system robustness. An ISAC framework based on OTFS modulation was proposed
in [49], which adopts a matched filter radar sensing scheme based on fractional parameter
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estimation to achieve better BER and estimation performance. In addition, in [50], the
authors proposed the novel universal frequency multi-carrier waveform and compared
it with the conventional OFDM. They experimentally proved that it has performance
improvement with respect to spectral efficiency and system complexity.

In Table 2, the performance differences between two types of communication wave-
forms OFDM and OTFS are comparatively analyzed.

Table 2. A brief comparison between OFDM and OTFS signals in ISAC system.

Indicator OFDM OTFS

BER It maintains a low BER in condi-
tions of a low SNR scenario.

It maintains a low BER in conditions
of a low SNR scenario.

Peak-to-average
power ratio (PAPR) High Lower than OFDM

Symbol size Larger Smaller

Stability Susceptible to delay and Doppler
effects

Utilizing modulation information in
the delay-doppler domain exhibits
stability

2.4.2. ISAC Beamforming

Beamforming has many advantages for communication and target sensing. On the
one hand, it can improve the effectiveness of power utilization, so that the sensor can better
capture the position, speed, shape, and other information of the target, which improves
the reliability of environmental sensing. On the other hand, beamforming can be used to
suppress interference and enhance the anti-interference capacity, which is very important
for some applications in special environments.

Over the past few years, there has been a notable surge in research efforts aimed at
optimizing ISAC beamforming, resulting in improved quality of ISAC functions. In [51],
the authors designed an algorithm to reduce the complexity of beamforming where the
two subsystems of communication and radar are co-located on the same BS. The authors
of [52] introduced a new symbol-level precoding (SLP) technique into ISAC and studied
the related waveform design technology. The principle of SLP based on quadrature phase
shift keying is shown in Figure 1. It mainly uses interference signals to make the received
signal more conducive to decision-making. The radar beam diagram without modulus
length constraints is shown in Figure 2. Simulation results show that both block-level
precoding and SLP can achieve better beam gain. In [53], the authors enhanced the beam
shape through the optimization of the waveform based on OFDM. The authors of [25]
studied DFRC beamforming for MIMO radar sensing and multi-user MIMO (MU-MIMO)
communication to propose a generalized beamforming method. In [54], the authors com-
bined space–time adaptive processing (STAP) and SLP to propose a STAP-SLP-based ISAC
system. An interrupt-based DFRC beamforming design is proposed [55], which can sense
imperfect channel state information to achieve high communication rates and detect pas-
sive targets. In [56], a design for block-level beamforming in ISAC systems is proposed,
which introduces a finite alphabet input. This approach is more realistic compared to the
original infinite-length Gaussian signal. In [57], the authors introduced a new packet SLP
strategy and optimal algorithms to address the max–min fair problem and power constraint
problem. The authors of [58] studied the problem of maximizing the EE of ISAC systems
under the premise that user communication and radar sensing are simultaneously ensured
at the BS. A multivariate alternating minimization framework [59] is proposed to address
the non-convex issue of optimizing the performance of communication and radar. In [60],
an alternating minimization framework is developed to address the problem of minimizing
the MSE of the designed beamforming and the target beampattern under the constraints of
communication quality of service (QoS).
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Figure 1. Symbol-level precoding principle: schematic diagram.
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Figure 2. Antenna beamforming without modulus constraint (four users).

In summary, this section investigates the communication and sensing metrics, opti-
mization objectives, and the proposed methods in related studies, which illustrates the
research progress of ISAC beamforming at the current stage. The related works are sum-
marized in Table 3. In the optimization for the ISAC waveform, the proposed algorithms
simplify the computational complexity of beamforming and optimize the energy distribu-
tion to different degrees compared with the previous algorithms. At the same time, the
use of new waveforms, such as the introduction of SLP technology, can further reduce the
limitations of constraints and lead to more degrees of freedom. Given that the beamforming
technique can implement a novel approach to energy allocation, we can improve the system
performance, including power loss, accuracy, anti-interference, etc., which is conducive to
the development and application of ISAC in future communication systems.
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Table 3. Summary of beamforming in ISAC systems.

Ref. Optimization
Objective

Communication
Metrics Sensing Constraints Pros Cons

[51]

Minimization of the
weighted difference
between the beam pattern
error and the SINR

Maximize downlink
communication
SINR

Minimize MSE
between ideal and
designed beam
patterns

Significantly
reduced
computational
complexity

Not considering
power allocation

[52]

Minimize MSE between the
designed and the ideal
beam while concurrently
satisfying QoS requirements
and constant modulus
power constraints

Guarantee the
quality of
multi-user
communications

Minimize MSE
between ideal and
designed beam
patterns

Use symbolic-level
precoding to
provide additional
degrees of freedom

Not considering
Doppler
scenarios

[53]

Minimize the Cramér-Rao
lower bound for distance
and velocity, root MSE, and
PAPR of the transmitted
waveform

Guarantee the
quality of
communication

Optimize the
frequency domain
sample to fill the
radar subcarrier to
improve the
performance of the
system

OFDM waveform
optimization

Low
computational
efficiency

[25]

Communication-centric and
radar-centric optimization
to achieve system
performance domain
boundaries

Guarantee the
quality of
communication

Maximize SCNR

Low-complexity
beamforming
design and optimal
power distribution

Only
single-target
radar sensing

[54]

Maximize radar output
SINR and meet
communication QoS
requirements, total power
constraints, and waveform
constraints

Guarantee
communication
quality (constant
mode and PAPR)

Maximize the SINR Combine STAP
and SLP

No research on
low complexity
algorithms in
practical
scenarios

[55] Maximize signal power in
the beam direction

Outage SINR
constraint

Maximize transmit
direction gain
towards sensing
direction

For imperfect
channel state
information
scenarios

Only
single-target
radar sensing

[56]
Maximize minimum
Euclidean distance between
noise-free received signals

Guarantee the
quality of
communication

Maximize transmit
direction gain
towards sensing
direction

Beamforming
design for finite
letter signal ISAC
systems

No consideration
of duplex system

[58]
Maximize the energy
efficiency of multi-user
communications

Guarantee the SINR
of the
communication
user

Maximize transmit
direction gain
towards sensing
direction

Reduce
computational
complexity and
maximize energy
efficiency

No consideration
of duplex system

[59]

Minimize average error
power and ensure radar
waveform similarity to ideal
waveforms

Minimization of the
average error power
at the receiver

Minimize MSE
between ideal and
designed beam
patterns

Provide lower
complexity

No consideration
of frequency
fading channels

[60]

Under QoS and
constant-mode power
constraints, minimize the
MSE between the designed
and ideal beam patterns

Minimization of the
average error power
at the receiver

Minimize MSE
between ideal and
designed beam
patterns

Lower complexity
is provided at the
cost of a smaller
loss of radar MSE
performance

No consideration
of dynamic
scenarios
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3. Development Status and Key Technologies of ISTNs

In light of the accelerated growth in communication technologies, terrestrial wireless
networks have achieved tremendous success in terms of communication rate and quality
of service [61]. However, there are still some remote areas that remain unconnected due
to economic and technical reasons [62]. Therefore, satellite–terrestrial integration will be
the key research direction of future wireless networks to empower seamless coverage
worldwide [63].

3.1. Development Status

There are many countries that aspire to achieve the construction of ISTNs as a sig-
nificant objective. As early as the beginning of the twentieth century, the United States
Department of Defense proposed the idea of building an integrated information network
between the sky and the earth. It utilizes coordinated LEO satellites for efficient multicast
communications, aiming to maximize user communication and provide a secure network
environment for a comprehensive battlefield [64]. Europe and other related countries have
also launched multiple ISTN projects, including CoRaSat, SANSA, SaT5G, etc. [65]. In ad-
dition, China has launched a comprehensive project of an integrated information network
of space and ground in Science and Technology Innovation 2030 to carry out technological
research and development of ISTNs.

In recent years, international organizations, such as 3GPP, have established some
special working groups to promote the standardization of ISTNs [66]. The development
of relevant standards starts from satellite support for basic connectivity capabilities to
satellite expansion and performance enhancement until the final large-scale constellation
construction, which can realize inter-satellite collaboration and satellite–terrestrial integra-
tion. In 3GPP technical report (TR) 38.811 [66], the deployment scenarios, and channel
models of satellite networks are defined. The access to satellite networks as well as the
modification and updating of terminals and original terrestrial networks are studied in
3GPP TR 22.822 [67]. In the R17 standard [68], a complete non-terrestrial network deploy-
ment architecture is provided, stipulating the methods of time synchronization, mobility
management, link switching, and so on.

3.2. Key Technologies of ISTNs
3.2.1. FSO of ISTNs

Free-space optical (FSO) communication has attracted widespread attention in both
academia and industry [69]. FSO communication has numerous advantages, including
strong anti-interference capabilities, much higher communication rates than traditional
radio frequency methods, large information capacity, compact and lightweight equip-
ment, and low power consumption [70]. It has been proven that FSO communication
is a promising technology. As early as 1995, the Japan Aerospace Exploration Agency
successfully achieved 1 megabit per second data download speeds from its engineering test
satellite KIKU-6 to a ground station in Tokyo [71]. In 2016, Europe proposed the European
Data Relay System, aiming to use innovative laser communication technology to transmit
data between LEO satellites and geostationary earth orbit satellites [72]. The National
Aeronautics and Space Administration recently conducted a milestone experiment on the
international space station, successfully establishing a bidirectional laser communication
link between the laser communications relay demonstration equipment and the LEO user
terminal at a speed of 1.2 gigabits per second [73].

In recent years, academic research has also focused on optimizing FSO communica-
tion in inter-satellite and satellite-to-ground links. Studies on FSO communication have
primarily involved modeling and analyzing atmospheric channels, satellite-to-ground
and inter-satellite network architectures, energy-efficient collaboration [74], and satellite
network routing strategies. In [75], dual-hop mixed radio frequency/free-space optical
networks, where backhaul-to-relay and relay-to-user communications employ FSO and
RF links, are investigated. For the backhaul-to-relay link, FSO communication is consid-
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ered to meet the high throughput requirements of high-altitude platform satellites. By
optimizing system performance through solving non-convex problems, simulations demon-
strate achievable rates for FSO links under atmospheric conditions while proving that the
proposed joint optimization algorithm enhances system throughput. In [76], the authors
integrate high-altitude platforms into an integrated air-ground communication system
and propose a novel FSO transmission network. Ground stations impose restrictions on
the selection of high-altitude platforms to mitigate the effects of atmospheric turbulence.
Experimental results demonstrate that the proposed architecture exhibits superior trans-
mission rates and reliability. Additionally, in [77], the authors propose a multi-objective
reinforcement learning-based routing strategy in a multi-layer network architecture. The
satellite network considers large-scale, ultra-high-density, and highly dynamic LEO satel-
lite networks and avoids conflicts by introducing cooperative mechanisms. Simulations
demonstrate that the proposed algorithm outperforms existing routing algorithms in terms
of packet loss rate and other performance metrics.

Despite existing progress, there are still limitations, including a lack of research on
inter-satellite routing protocols, insufficient consideration of the impact of spatial obsta-
cles, and the absence of adaptive topological control mechanisms for existing satellite
architectures.

3.2.2. THz of ISTNs

The short wavelength of THz is negatively affected by the reflectance, transmittance,
and absorption of materials, especially in the atmosphere, resulting in high propagation
losses. However, the concentration of water vapor molecules near the earth’s surface de-
creases with the increase in altitude, making the THz frequency range highly promising for
communication in an environment approximating vacuum, such as space. It is estimated
that satellite-to-aircraft communication links have sufficient budget for THz communica-
tion [78]. Terahertz/radio frequency hybrid communication is of great significance for
space–air–ground integrated networks to improve transmission efficiency and achieve
6G smart connectivity. Therefore, satellite THz communication has attracted widespread
attention. In [79], the authors proposed an analytical framework to study the coverage
probability and average achievable rate of a downlink THz LEO satellite-aircraft network
with directional antennas. In [80], a comprehensive analysis and optimization of integrated
space–air–ground communication with multi-band terahertz/radio frequency commu-
nication was presented. Based on this model, expressions for SINR and rate coverage
probability were derived, and the system coverage and transmission rate performance were
evaluated. A simulated annealing-based algorithm was proposed to maximize node per-
formance. In [81], the authors developed a complex mathematical framework to simulate
directional interference between crosslinks in millimeter-wave/THz satellite communica-
tion networks. It focused on crosslink interference, analyzed sources of interference, and
proposed interference mitigation solutions. In practical applications, the high power of the
THz signal generator introduces higher noise figures. In the future, research on satellite
THz technology will focus on the aspects of antenna layout, beam design, transmitter
design, and so on.

3.2.3. Network Architecture of the ISTNs

The ISTN architecture shows great promise for future wireless networks, attracting the
attention of numerous researchers. In this section, we will summarize the ISTN architectures
in existing studies and analyze their reliabilities.

(1) Hybrid satellite–terrestrial relay network

The signals between satellites and terrestrial terminals suffer from severe attenuation
caused by clouds, fog, beam tilt during transmission, and obstacle shielding, which will
result in a significant decline in communication quality. To enhance the quality of satellite–
terrestrial communication, ground relay nodes are utilized to improve the reliability and
stability of communication. Bhatnagar et al. [82] proposed the concept of a hybrid satellite–
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terrestrial relay network (HSTRN), where multiple antenna relay nodes forward the satellite
signals to the target users based on beamforming techniques. There are two types of relay
networks: basic relay structure [83] and cooperative relay structure [84,85].

The basic relay structure is shown in Figure 3a. In HSTRN, the masking effect hinders
the user from establishing a stable communication link with the satellite. However, through
the implementation of terrestrial relays, satellite users can maintain communication when
the direct link experiences masking. This contributes significantly to enhancing the stability
of the overall system. The cooperative relay structure shown in Figure 3b does not incor-
porate the masking effect in the direct link between the satellite and the user. Therefore,
signals from the direct link can be merged into the signals obtained by the transmission of
relay nodes.

Stage 1

Gateway Relay Station User

Masking effect

Stage 1

Gateway Relay Station User

Masking effect

Stage 2
Signal synthesis

(a) (b)

Figure 3. Architecture of HSTRNs. (a) Basic relay architecture. (b) Cooperative relay architecture.

(2) Cognitive satellite–terrestrial network

With the growing demand for wide-band communications and a large number of con-
nectivity devices, the spectrum scarcity of satellite communications becomes an imminent
issue. It is a feasible method for rational sharing of spectrum resources to optimize the
efficiency of spectrum resource utilization [86]. Cognitive radio (CR) is considered as a spec-
trum management approach in conventional wireless communication systems It allocates
the same spectrum resources to both major and minor networks, which enhances spectrum
utilization rate [87]. In this way, we can classify them into cognitive relay networks and
cognitive satellite–terrestrial networks.

The fundamental structure of the cognitive satellite–terrestrial network, as shown in
Figure 4a, comprises satellite networks and terrestrial networks. The satellite networks
possess licensed spectrum resources, thereby enabling the transmission of signals on
demand. The terrestrial networks reuse the same spectrum with the satellite networks,
the mechanism of which operates on the premise of ensuring no interference with satellite
networks. Through the reuse of spectrum resources between satellites and terrestrial
systems, enhanced spectrum efficiency can be attained, thereby mitigating the strain on
spectrum resources. In [87], the authors studied the performance of cognitive satellite–
terrestrial networks and compared the outage performance of three secondary transmission
schemes, which verified the superiority of the directional beamforming technique.

The cognitive relay architecture is shown in Figure 4b, where relay nodes are intro-
duced into the cognitive satellite–terrestrial network to construct the novel relay network
architecture [88]. The satellite network, which is the main network in the architecture,
transmits signals to the satellite users within the licensed frequency bands with the aid of
the terrestrial relay. When the terrestrial BS serves as a relay to facilitate satellite network
transmission, the terrestrial network is granted permission to reuse the licensed frequency
bands of the primary satellite network.
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Satellite

Gateway

Satellite users

Base station

Terrestrial user

Terrestrial networks

Initial direct link

Secondary link

Interference link

(a)
Satellite

Relay

Gateway

Satellite users

Base station

Terrestrial user

Initial relay network

Initial direct link

Secondary link

Interference link

(b)
Terrestrial networks

Figure 4. (a) Architecture of cognitive satellite–terrestrial network. (b) Architecture of cognitive
satellite–terrestrial relay networks.

4. Development Trend and Key Technology of ISAC towards 6G ISTNs
4.1. Future Application Scenario

In ISAC, signals are used to realize the sensing functions such as detection, localization,
identification, and imaging. It obtains information about the surrounding environment,
allocates communication resources intelligently and precisely, and enhances the user expe-
rience [89]. The satellite–terrestrial integration network will involve the deep integration
of space-based, air-based, and ground-based networks to realize the access and applica-
tion of unified terminal equipment to satisfy different users. satellite–terrestrial ISAC can
further sense the ground conditions, thus better elucidating the city operation, environ-
mental changes, and other information. It provides intelligent decision-making for overall
satellite–terrestrial deployment, realizes dynamic deployment of resources, and optimizes
the efficiency and performance of the system. This section considers three potential appli-
cation scenarios of satellite–terrestrial ISAC and proposes a satellite–terrestrial network
architecture for ISAC.

4.1.1. Environmental Sensing and Dynamic Resource Allocation

In a real-world application, users served by the same BS, satellite, or vehicle are
dynamically changing. This situation leads to a reality where traditional static wireless
resource allocation can not always be optimal [90]. Through ISAC, the system detects active
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users within the coverage area and provides relevant information to the edge nodes and
control center. Subsequently, the effective resource allocation of different frequency bands
is optimized according to the actual situation.

The BS will utilize the ISAC system to detect the environment within the range [91]
and upload the surrounding data to the superior terminal in real time. As for the high-
speed moving satellites in ISTNs and various types of vehicles, the radar image information
obtained from remote sensing can be used to allocate resources [92]. In [93], the authors
proposed an ISAC-assisted random-access dynamic resource allocation scheme for ISTNs.
Relay nodes can obtain the situation of users within the scope through signal sensing and
use the sensing data to assist in random access. The dynamic users are organized into
orthogonal clusters in the frequency domain. The active users are intelligently grouped
into distinct orthogonal clusters in the spectral domain. The dynamic bandwidth allocation
factor is optimized to improve the overall data transmission rate, surpassing previous
schemes in packet loss rate. For spectrum sharing, CR technology can be employed. In a
multi-user environment where multiple users share the bandwidth resources, the users can
be divided into different levels. When high-priority users have lower traffic demands, the
idle bandwidth can be dynamically allocated to lower-level users. Additionally, in dynamic
scenarios, it is necessary to design algorithms to meet the optimal energy allocation and
improve the efficiency of resource utilization. In [94], a joint design method is proposed to
optimize the allocation of subcarriers and transmit power for both sensing and communi-
cation tasks. By optimizing the allocation of subcarriers and transmit power, the minimum
total power required by the system can be obtained.

4.1.2. Relay Node Positioning and Beam Alignment

The ISTNs are based on terrestrial networks and integrate non-terrestrial networks
to jointly build a multi-access converged network architecture across space–air–ground
areas. In the envisioned future architecture of ISTNs, the space base is mainly composed
of satellites, the air base consists of various types of aircraft, the ground base is made
up of land-based cellular mobile communication networks, and the sea base includes
various types of oceanic underwater wireless communications, offshore coastal wireless
networks, ocean-going vessels, etc. [95]. The relative positions between the nodes are not
often stationary, which brings certain challenges to the communication signal transmission
process. As a hub between satellites and the ocean, UAVs play a crucial role in the space–air–
ground–sea network [96]. In [97], a new integration of UAVs and DFRC systems is explored
to assist data collection in ocean monitoring scenarios. In the future, by introducing ISAC
in the ISTNs, the position of the receiver will be sensed using integrated signals, and a
directional beam will be used for sending signals. Hence, we can improve the quality of
communication while reducing the power loss at the transmitter.

4.1.3. Space Environment Sensing

In the complex space environment, there is a multitude of space debris. Based on the
recent data available, 7800 of the 10,550 satellites in space are presently operational. The
number of identified space debris objects ranging from 1 mm to 10 cm is about 131 million.
More than 630 incidents of collisions with these objects resulting in equipment damage
have been reported [98]. To prevent financial losses caused by space debris, terrestrial-
based radar system detection techniques have been the common solution. However,
small objects are difficult to detect. Therefore, integrating communication satellites with
sensing techniques to detect the specific position and velocity information of space debris
can ensure the safety of space equipment. Based on the multi-debris environment in
space, the authors proposed a modulation scheme with triangular LFM and V-shaped
LFM pulses [99]. Simulations have demonstrated a significant performance improvement
in radar velocity and range estimation capabilities compared to the conventional linear
frequency modulation system. For radar and communication systems deployed in space,
radar and communication share spectrum resources but suffer from mutual interference.
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In [100], the author proposes an overlapping subarray configuration to reduce the impact
of spectrum sharing on radar detection performance. By mapping communication signals
to the null space, mutual interference is minimized. Experimental results validate the
effectiveness of this method. Furthermore, proper power allocation is crucial for satellites.
In [101], the author focuses on the coordinated optimization of power and bandwidth
allocation in the system. By employing an alternative optimization algorithm, the optimal
solution is obtained to improve energy efficiency.

4.1.4. ISAC towards ISTNs

In the future, ISTNs will mainly consist of three layers, which are the satellite network,
air network, and terrestrial and oceanic networks. Some terrestrial users fail to establish a
connection with the satellite network due to signal fading in the satellite–terrestrial link
and differences in communication protocols. In that case, the air network can extend
connectivity outside the BS coverage area.

To implement ISAC towards ISTNs, ISAC technology will be integrated into the
three-layer space–air–ground communication network. Firstly, ISAC technology will be
integrated into the satellite terminal to facilitate satellite networking and management,
while also enhancing space environment sensing. Additionally, it will enable sensing
and imaging of the ground environment using LEO satellites [21]. At the same time,
the air network integrates ISAC technology to effectively sense ground user targets and
acquire the motion information of vehicles. By leveraging the cooperative capabilities
of UAVs, these aerial platforms can effectively operate as mobile antenna arrays. This
collaborative arrangement enables the achievement of high-resolution imaging capabilities
through synchronized movements and coordinated signal processing techniques in all
types of weather, day or night [20]. Moreover, their flexibility makes them instrumental in
controlling smart cities [102]. Ultimately, the general ISAC technology is deployed at the
ground terminal to facilitate user target localization and management of resources.

The overall network structure is shown in Figure 5. In this network, each device
senses and communicates with each other, establishing an integrated space–air–ground–sea
network for the future.

Terrestrial and 

ocean networks

Air networks

Satellite networks 

Internet

Gateway

Ship

Initial direct link

Secondary link

Non-terrestrial network 

sensing beams 

Terrestrial network 

Sensing beams

Figure 5. 6G ISAC towards space–air–ground–sea networks.
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4.2. Critical Techniques in Integrated Design

The construction of an integrated satellite–terrestrial system with ISAC will face
multiple challenges. We need to explore critical technologies including interference can-
cellation, distributed cooperative sensing, frame structure design, waveform design, and
beam enhancement.

4.2.1. Interference Cancellation Technique

In the ISTN system, communication will utilize spatial isolation, time isolation, space-
division multiplexing, and spectrum management to achieve satellite–terrestrial spectrum
sharing and frequency multiplexing [9]. Similarly, in the ISAC system, it is inevitable to
experience interference from both internal signals and external clutter signals. Therefore,
implementing appropriate interference cancellation strategies can improve both communi-
cation quality and the accuracy of object detection. In the ISAC system, the multiplexing of
the spectrum by radar and communication signals can help to further improve spectrum
efficiency and minimize costs. However, the transmission with same-frequency signals will
lead to self-interference and interference from external sources, which requires specific anti-
interference techniques during network deployment [40]. Feng et al. [103] introduced the
mutual interference problem from the coexistence and co-designed systems. In co-located
systems, radar and communication transceivers regard each other as coexisting sources of
interference, so it is necessary to analyze the signal interference existing among them. In
the radar-communication co-designed system, the radar and the communication system
will constitute a complete joint unit integrating signals, waveforms, and other relevant
parameter structures.

For the radar-communication coexistence system, radar and communication systems
are deployed together, spectrum sharing technology can be used for better cooperation of
them [104]. Their signal can be mapped into the zero domains of each other to minimize
the interference. Dong et al. [51] established optimization equations based on maximizing
SINR and radar covariance matrix matching. It eliminates the mutual interference between
radar and communication waveforms by setting up zero-domain mapping of mutual
interference. Shan et al. [105] proposed an ISAC solution based on a time-modulated
antenna array. The technique is used to realize radar range target detection and directional
communication and to avoid mutual interference in the DFRC system. In [106], the authors
proposed that for cooperative scenarios, the time-sharing approach is a straightforward and
practical implementation solution to avoid mutual interference and simplify the system.
In this scheme, the system of MIMO radar and communication employs time division
multiplexing for coexistence, and the solution to suppress the clutter interference is acquired
by optimizing convex functions.

For the radar-communication co-design system, Keskin et al. [107] utilized OTFS
waveforms along with a low-complexity generalized likelihood ratio test detection algo-
rithm. This algorithm increases the maximum detectable range and speed by embracing
the inter-symbol interference (ISI) and the inter-carrier interference (ICI) effects. In [108],
the authors eliminated signal interference by using OFDM with zero padding (ZP) and
single carrier frequency division multiple access (SC-FDMA). In [109], the authors max-
imized the minimum SINR under the total energy constraints and communication QoS
guarantee using the technique of forcing zeros. In [110], the authors used the remote inter-
ference management signal for target detection, which is placed on the third OFDM symbol
of the second slot. Through a unified frame structure, it can avoid mutual interference
between systems.

The pros and cons of the above research are listed in Table 4. Among the interfer-
ence cancellation techniques in ISAC systems, for the systems of radar-communication
coexistence, the primary issue is the elimination of mutual interference. Based on the
implementation of effective interference cancellation, it is desired to further optimize the
time and space complexity of the algorithm and realize better communication and radar
detection performance.
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Table 4. Summary of key technologies for interference cancellation technique in ISAC towards
ISTN systems.

Type Ref. Pros Cons

Radar
communication
coexistence system

[51]
• Low storage occupancy
• Low time complexity
• Higher radar and commu-

nication transmission rates

Not considering power allo-
cation

[105]
• Lower BER
• Low communication side

lobes

Only considering one radar
beam and one communica-
tion beam

[106] • Higher SINR
Not considering robust de-
sign of communication sys-
tem mismatches

Radar
communication
co-design system

[107]

• ISI and ICI are used to ex-
tend the maximum non-
blurring range of sensing.

• Higher probability of de-
tection

Not considering power allo-
cation

[108]

• Higher probability of de-
tection

• Better range performance
in the middle and long dis-
tances

Not setting variable guard in-
tervals

[109]
• Better SINR Item: lower av-

erage power limit
• Lower algorithm complex-

ity

Only considering one com-
munication pair of the trans-
mitter and receiver

With the development of communication technology, the existing interference can-
cellation technology based on terrestrial ISAC is still applicable in the future 6G ISTN
scenario, but some technical optimization needs to be carried out in satellite and airspace.
The interference signal of the ground mainly comes from the internal interference of the
system and the clutter signal in the surrounding environment, while the interference of the
satellite signal includes interference within the system, radio interference scattered by the
cosmic environment, and interference between satellites. For high-throughput satellites,
which have multiple directional beams pointing to the ground, inter-beam anti-interference
is a key issue, and it is necessary to ensure that different frequency bands are used in
adjacent areas as much as possible. In addition, as the number of satellites in earth orbit
increases, the distance between satellites will decrease, and the difference in elevation angle
between adjacent satellites will gradually decrease. As a result, if the beam of the ground
uplink signal is shifted and pointed to the wrong neighboring satellite, the target satellite
will have a low SNR, and the spectrum sensing technology will be used to identify the
spectrum of the interfering signal. In addition, considering the attenuation of the signal
by the atmosphere and environment between satellites and ground, reasonable power
allocation combined with the sensing environment is an effective way to make up for the
interference of the natural environment.

4.2.2. Distributed Cooperative Sensing Technology

More integration of satellite–terrestrial application scenarios will emerge in the 6G
era, and ubiquitous terminals will further complicate the heterogeneous network [65]. By
ISAC technology, the information parameters acquired by the ISAC system are processed
in the cloud, and the cross-convergence of communication, sensing, and computing can
be realized [111]. Meanwhile, 6G is expected to be highly integrated for networks of all
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frequency bands. It can promote intelligent human–machine–thing interconnection and
multi-system collaboration, thus optimizing the service quality of the full-frequency band.
Satellites, aircraft, ground relays, and terminal devices are utilized to form a multi-level
ISAC architecture for the ISTNs. In this network, the deployed ISAC intelligent nodes will
work together with intelligent terminals, the ISAC access network, and the core network to
construct an innovative distributed cooperative sensing system. Each node in the system
collaborates to support the integration and interconnection of intelligent information.

In the integrated space–air–ground network, UAVs can collect information and data
from ground IoT devices while simultaneously communicating with multiple LEO satel-
lites [112]. Within a swarm of UAVs, ISAC will realize the positioning and dynamic sensing
of UAVs, stabilize the formation of the UAV swarm, and sense the surrounding environ-
ment with high accuracy, enhancing the communication effectiveness of the swarm. In [113],
the authors introduced cooperative wireless positioning technologies in which UAVs, BS,
and cars are viewed as sensing nodes from the perspectives of spatial cooperation and
spatiotemporal cooperation. In [114], the authors discussed the potential challenges and
development directions of ISAC systems where UAVs act as nodes. From the perspective
of BS, UAV nodes will achieve environmental sensing, optimize the communication pro-
cess, and further realize beam management. It is proposed that there are three types of
cooperative sensing technologies, namely, multi-static cooperation, multi-band coopera-
tion, and multi-source cooperation in [115]. These cooperative sensing technologies are
mainly achieved through dense networks of remote radio units and multiple sensors to
gather sensing parameters comprehensively and multidimensionally, thereby enhancing
comprehensive detection performance. In [116], the authors utilized the mobility of UAVs,
beamforming, and power control technologies to reduce mutual interference. Through
communication between UAVs, they share sensing results to extend the sensing range.
In [117], the authors introduced satellite ISAC technology into terrestrial ISAC systems and
proposed better beam tilting algorithms and pre-coder optimization algorithms.

In the future, numerous ISAC nodes will be deployed in the space–ground integration
scenario. If other ISAC terminals are also transmitting the same channel signal for envi-
ronmental sensing, the system performance will be degraded. Therefore, we recommend
that the air be divided into regions, and the adjacent sensing areas should be allocated
different frequency bands. In addition, CR technology is introduced to optimize spectrum
utilization. Specifically, for two ISAC terminals that share the same band resources, we
divide one into a primary terminal and one as a secondary terminal. While the primary ter-
minal communicates and senses, the secondary terminal does not work. When the primary
terminal is not working, the secondary terminal performs ISAC functions. This further
optimizes the performance of collaborative sensing and scheduling of multiple systems.

Table 5 summarizes the cooperative sensing technology in the ISAC system. It can
be found that future cooperative sensing technology will present the trend of combining
centralized and distributed information, spatial and spatiotemporal cooperation, data
diversification, and cutting-edge technology. It aims to enhance inter-network connectivity,
making it easier for upper management to coordinate. At the same time, it achieves greater
communication reliability and sensing precision through internal network collaboration.
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Table 5. Summary of distributed cooperative sensing technology in satellite–terrestrial ISAC systems.

Ref Networking Elements Cooperative Approach

[113] UAV, BS, and UE • Space cooperation and space–time cooperation

[114] UAV and BS • Centralized and distributed collaboration

[115] Satellite, UAV, BS, and UE
• Centralized control unit unified management
• Adopt multi-source data symbols

[116] UAV and BS
• Beamforming, power control technology
• UAVs communicate with each other to share detection

results

[117] Satellite, BS, and UE • Introduce satellite communication sensing technology

4.2.3. Unified Frame Structure Design

The ISTNs will include a variety of scenarios. To support the requirements of these
diverse scenarios, a unified frame structure design will be adopted. The adaptive wireless
frames and subframes will meet communication needs in different domains and scenarios.
At the same time, for ISAC signals, a unified and flexible frame structure is beneficial
for scenario adaptability and signal processing. By designing flexible frame structures
and employing various scheduling techniques, it can adapt to different communication
scenarios, thus improving the efficiency and reliability of communication and enhancing
detection accuracy. Aiming at the characteristics of high latency and high Doppler shift
in satellite–terrestrial transmission, compensation techniques for frames will be designed
to achieve reliable access and efficient transmission, improving the transmission quality
and reliability.

In [115], the authors utilized the 5G New Radio (NR) standard to propose four optional
mapping patterns for the physical downlink shared channel (PDSCH) based on demod-
ulation reference signal (DMRS). Simulations unveiled the relationship between sensing
and communication performance. In [116], the authors proposed three principles for the
design of ISAC frame structures, thus coordinating with UAVs to achieve cooperative gain.
In [35], the authors introduced an algorithm in their research, which is based on the 5G
NR communication protocol. This algorithm not only integrates the advanced waveform
capabilities but also empowers the efficient utilization of time and frequency resources,
which has high localization accuracy and data transmission rate. In [118], the author in-
troduced frequency hopping MIMO radar as the foundational system for implementing
dual-function radar communications. They developed a downlink communication scheme
for frequency hopping DFRC systems based on multi-antenna receivers, addressing estima-
tion and synchronization challenges in MIMO scenarios. An integrated frame structure
for radar communication based on the 3GPP standard is designed in [119], which can be
used to transmit training symbols and conduct channel estimation. In [120], the authors
combined frequency division multiplexing (FDM), time division multiple access (TDMA),
and communications carrier sense multiple access (CSMA) to form the RadChat scheduling
scheme, thus greatly reducing the level of radar interference. In [121], the authors designed
waveforms by optimizing cost functions based on the constrained combination of the peak
side lobe ratio (PSLR) and integrated side lobe ratio (ISLR) of velocity ambiguity functions.
By solving this optimization equation, the system can have high detection and estimation
performance in a high SCNR scenario, thereby reducing the cost of the system.

Table 6 summarizes the design and contribution of the frame structure. In general,
for the integrated frame structure of ISTNs in the future, the terrestrial-based ISAC frame
structure optimization scheme can still be used, and the frame multiplexing technology
can be used to improve efficiency. However, it still needs to be optimized according to
the characteristics of ISTNs. In the ISTNs, we recommend that the 5G NR frame structure
can still be used in order to reduce changes to the existing frame structure. However, it
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is necessary to consider the new impact of the future ISTN architecture on ISAC signal
transmission. In the network, there are a large number of ISAC devices, and sensing frames
must be included to realize the sensing function. Considering that the addition of sensing
will introduce more information parameters, including the target’s position, motion state,
surrounding environment, etc., the transmission of sensing parameters will greatly increase
the load in a single frame and reduce the space for communication information. Considera-
tion can be given to adding sensing-related information into the existing frame structure in
the form of multiplexing to alleviate the reduction in communication resources. In addition,
for long-distance communication transmission and sensing from air to ground, there will
be a large loss of signals due to atmospheric attenuation and long-term transmission, so
it is necessary to consider adding a self-verification scheme to achieve a low number of
retransmissions for long-distance transmission.

Table 6. Summary of frame structure design in satellite–terrestrial ISAC systems.

Ref Frame Structure Design Contribution Standard

[115] Based on the 5G NR frame structure, four op-
tional DMRS-PDSCH modes are proposed.

• PDSCH is used for communication and sens-
ing functions.

• Quantizes communication and sensing capa-
bilities with DMRS symbols,

5G NR standard [122]

[116]
• Covers all targets.
• Covers only one target.
• A combination of the above ideas.

Optimizes the coordination gain effect of com-
bining UAV ISAC. —

[35]

The system bandwidth is 800 MHz. Eight com-
ponent carriers, each containing 1200 subcarri-
ers. Each wireless frame contains 50 subframes
in 10 ms.

The algorithm for flexible time-frequency re-
source allocation is proposed to achieve a per-
formance compromise between the DFRC.

5G NR standard

[118]

For every signal, the initial radar frame is uti-
lized to estimate timing deviation and channel
states, while the subsequent hops are dedicated
to data transmission.

Enables radar data communication and reduce
overhead. —

[119]

The radar pulse repetition period is 1 ms, and
there are 14 packets every 0.5 ms. Each packet is
composed of a cyclic prefix and a data part, the
cyclic prefix contains 288 symbol periods, the
data part contains 4096 symbol periods, and the
duration of a single symbol period is 8.146 ns.

Channel estimation is performed by transmit-
ting known training symbols. 5G NR standard

[120] RadChat is a combination of FDM, Radar
TDMA, and Communications CSMA.

The probability of interference in automotive
radars is significantly reduced, reducing the
frame time of each radar by about an order of
magnitude.

—

[121]
The optimization strategy is designed as a com-
bined optimization problem of PSLR and ISLR
constraints.

• 40% reduction in sensing costs.
• High detection performance can be achieved

at high SCNR.
5G NR standard

4.2.4. Waveform Design of Satellite–Terrestrial ISAC

ISAC waveforms have been extensively proven in terrestrial environments, but work
in ISTN environments has not yet begun. For the future ISAC waveform within ISTNs,
we put forward relevant development suggestions based on the sensing characteristics
of satellite and ground communication. According to the propagation characteristics of
satellite-to-ground channels, the signal transmission process will experience atmospheric
absorption attenuation, attenuation caused by rainfall and clouds, Doppler frequency
offset, and multipath fading near the ground. Therefore, the new waveform requires
good performance in high Doppler and low signal-to-noise ratio environments, and the
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existing OFDM waveform is considered to be modified to alleviate its instability in high-
mobility environments. The applicability of waveforms in satellite scenarios has been
studied based on the cyclic prefix OFDM and discrete Fourier transform-spread OFDM
waveforms [9,123]. Principle-based simulation validation studies on OFDM and other
communication waveforms have been conducted within ISAC waveforms.

In the future scenario of satellite–terrestrial ISAC, NOMA can also be taken into
consideration [124]. Considering the high latency of satellite–terrestrial transmission in
the ISTNs, NOMA can effectively decrease the connection latency and communication
latency of satellite–terrestrial transmission. In [125], the authors treated NOMA as an ISAC
waveform. By solving the optimization equation, this method achieved radar waveform
matching and the assurance of communication performance. In [42], the authors combined
orthogonal multiple access with NOMA techniques to provide flexible sensing and com-
munication between resource management schemes. In [126], the authors came up with a
NOMA strategy based on multitype service coexistence handover to ensure the key require-
ments for the coexistence of user equipment (UE) in a dual-layer LEO high-throughput
satellite constellation.

The design of the novel satellite–terrestrial ISAC waveform will greatly facilitate the
multi-level transmission of information. Using the same waveform and access can reduce
computational complexity, simplify signal processing, and achieve wide-area coverage of
system signals and high-precision detection capabilities.

4.2.5. Beam Enhancement Technology

The beams formed by antennas in terrestrial mobile communications typically have
low power. However, due to the need for long-distance propagation and large coverage
areas in satellite communications, the enhancement of these beams is a necessity. Usually
based on the target position, the optimal beam direction and shape parameters are obtained,
and the optimal channel environment is switched to enhance the beam strength of the
antenna in this direction. For 6G ISTNs, a satellite will form single or multiple beams to
cover the ground area. In [127], the authors studied the robust beamforming problem for
phase errors of channel state information in multi-beam satellite communications, achieving
multi-regional beam coverage through the multiple beams of the satellite. In ISTNs, for
multi-target sensing, the sensing terminal also requires multi-beam technology to locate
multiple targets. For the detection and tracking of long-range targets, the transmitter
antenna is required to form a narrower and more energy-concentrated beam. Therefore,
for the signal transmission unit in the satellite and air, a large-scale antenna array with
a more accurate beam direction will be adopted, and the antenna array parameters and
beamforming algorithm will be optimized. As long-range beams inevitably consume a
large amount of power, energy efficiency needs to be taken into account as an optimization
metric in order to save energy. ISTNs from 5G to 6G will further achieve integration,
and the connection between devices in the large architecture will be closer. In order to
further promote the integration trend, we need to rationally allocate the resources of the
overall equipment and minimize the negative interference between the internal architecture
of the system. Optimized beam enhancement technology is an important part of this.
In [128], the authors introduced an integrated space–air–ground system, using UAVs as
relays to assist in the effective transmission of satellite signals and applying beamforming
technology to optimize the beams of satellites and UAVs for optimal power distribution.
In [129], the authors proposed a multi-beam ground multicast control scheme, designing
an algorithm for determining cluster centers by leveraging the user distribution. This
algorithm ensures that each beam can cover all users in each group, achieving multi-user
access and eliminating inter-cluster interference. Additionally, ISAC beams of satellites
can also sense environmental factors such as weather and remotely sensed information on
the ground and enhance the quality of life. In addition, beamforming technology involves
beamforming, beam tracking, and other algorithms, which improves the computational



Electronics 2024, 13, 1369 22 of 31

complexity of the system. Therefore, some low-cost algorithms also need to be optimized
on the basis of the existing terrestrial ISAC beamforming technology.

Overall, applying beam enhancement techniques in ISTNs will improve the detection
range of radars, enhance target detection capability, and optimize communication quality.

Table 7 summarizes the key technologies in the aforementioned satellite–terrestrial
ISAC systems and their pros and cons.

Table 7. Summary of key technologies in satellite–terrestrial ISAC systems and their pros and cons.

Key Technologies Pros Cons

Interference cancellation
technology

• Improves system reliability • Increases system complexity
• Raises the cost

Distributed cooperative
sensing technology

• Improves sensing and cover-
age capability

• Increases the adaptability and
scalability of the system

• More complex co-scheduling
algorithms are required

• Leads to new information se-
curity issues

Unified frame structure
design

• Simplifies system design
• Reduces system overhead

• Increases the complexity of de-
sign and implementation

Waveform design of
satellite–terrestrial ISAC

• Multi-level information fusion
• Multi-scenario adaptation

• Complex system design and
implementation

• High costs and resource re-
quirements

Beam enhancement
technology for ISTN

• Efficient energy utilization
• Increases the detection range

of the system

• High algorithm complexity
• Requires target location infor-

mation in advance

5. Potential Research for ISAC towards 6G ISTNs

In this section, we speculate on the potential research directions and connections
between ISAC in the ISTNs and other emerging communication technologies.

5.1. Cognitive Radio

Using CR technology is a good solution for efficiently utilizing spectrum resources.
However, in the existing research on ISAC, it has not been given much attention. On the one
hand, ISAC as an emerging technology is still immature, and at this stage, more experiments
are needed on basic waveforms instead of the scenario with many ISAC terminals. On
the other hand, ISAC achieves efficient spectrum utilization by sharing frequency bands
between communication and radar sensing. In early radar and communication coexistence
systems, the two subsystems operated separately, sharing a frequency band, thus requiring
the use of CR technology [6]. However, with the development of 6G ISAC technology,
communication and radar signals will be integrated into a single waveform. Although the
new waveform will have certain impacts on the performance of existing communication
and radar systems, the issue of mutual interference between radar and communication
waveforms is no longer considered for the shared waveform.

In summary, in the existing research on ISAC, the application of CR technology is rarely
considered. However, in the future, as ISAC technology gradually matures and is deployed
for ISTNs, each ISAC terminal will become an independent entity. Furthermore, multiple
ISAC terminals will enable cooperative networking, thereby achieving high-precision
environmental sensing and localization. In this environment, the spectrum utilization
between multiple ISAC terminals will become an important research topic. Therefore, in
the future architecture of ISAC networking within ISTNs, CR technology can be adopted to
maximize spectrum resource utilization.



Electronics 2024, 13, 1369 23 of 31

Additionally, CR-based ISAC technology can be effectively combined with MIMO-
NOMA technology. On the one hand, MIMO-NOMA allows multiple users to share a
frequency band, which optimizes spectrum utilization efficiency and increases information
transmission rates. On the other hand, MIMO-NOMA employs multiple antenna tech-
nology, which enhances spatial reuse, enabling spatial resource allocation. There have
been many studies on CR-NOMA technology, which have achieved good results [130,131].
It is believed that the reasonable combination of this technology with ISAC can further
improve spectrum efficiency and optimize energy consumption. However, the combination
of these technologies also poses challenges, including complex system design, trade-offs in
various technical performances, intelligent scheduling in CR environments, and the need
for algorithm design for global optimization. Furthermore, hardware feasibility must be
considered to mitigate hardware complexity in system implementation.

5.2. Standardization

The deployment of the ISAC system towards 6G ISTNs will face multiple demands,
requiring corresponding policies and regulations. Internationally, standardization organiza-
tions typically establish standards to provide overall regulations. There are already several
standards for existing ISTN and ISAC systems [14,66,67]. However, no specific standards
have been proposed for ISAC towards 6G ISTNs. We suggest that standardization can be
approached from the following directions.

Firstly, the division of spectrum resources needs to be addressed. The World Radio-
communication Conference of the ITU regularly conducts functional allocation of frequency
bands based on the existing network layout [132]. Since the ISAC system combines com-
munication and radar sensing in the same frequency band, using the same spectrum for a
dual-functional system will inevitably impact the original spectrum planning.

The ISAC system has open links and environmental sensing capabilities, which allows
it to fully sense the surrounding environment, especially in confidential areas. Therefore,
the usage of the ISAC system needs to be properly registered to prevent unauthorized
information gathering.

Furthermore, future ISAC system devices within the ISTN architecture require stan-
dardized parameters to ensure their production follows standards, enabling lawful usage
and reasonable planning. This will also support multi-party technical management and
prevent monopolies.

5.3. Security

Security is a key issue in communication network architectures. For the physical layer,
the ISAC signal contains both important communication information and radar perception
information, involving real-world environmental conditions and user privacy. Moreover,
relying on wireless channels, ISAC signals are highly vulnerable to eavesdropping and
unauthorized access. Beamforming, which focuses signals in spatial areas, inevitably
increases the possibility of information leakage, necessitating robust security waveform
design. In [89], the authors propose integrating security attributes into ISAC from hardware
security and waveform design perspectives, actively maintaining information security.

For the future ISTNs, network layer security is also a worthwhile topic for exploration.
For inter-satellite networking and information access, data encryption authentication, route
selection, and secure protocols can be employed to prevent routers from being exploited by
attackers for malicious operations. Encryption technology and identity authentication can
also be used to protect data confidentiality and ensure reliable transmission. Additionally,
ISAC towards ISTNs can enhance the system’s security in real-world environments. ISAC,
with its ability to perceive the surrounding environment, can greatly minimize the occur-
rence of physical collision accidents. Therefore, discussing the application of security in
ISAC towards ISTNs is of great significance.
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5.4. Artificial Intelligence

With the rapid development of artificial intelligence (AI) technology, its influence has
expanded to various fields. AI-based communication technology has been widely studied,
such as edge learning [133], and data-driven algorithms have created new opportunities
for ISTNs. In the future, in the context of ISTN environments, the highly complex and data-
intensive environment poses challenges for system optimization, and AI algorithms will be
used to address these complex optimization problems. At the same time, advancements in
hardware enable the deployment of AI algorithms in communication devices. There have
been studies focusing on ISTNs, but for future scenarios, AI methods will be needed to
allocate resources efficiently and optimize communication performance.

In [134], the authors used multiple UAVs as mobile aerial platforms for ISTNs. The
method utilized centralized and distributed deep reinforcement learning solutions to
optimize ISAC performance, UAV trajectory planning, power allocation, and spectrum
efficiency. Furthermore, AI can enhance ISAC performance in interference management.
In [135], an unsupervised learning-based communication–sensing–intelligence converged
network architecture is proposed to coordinate interference. Each base station is equipped
with a deep neural network for power allocation and beamforming. An unsupervised
learning algorithm is proposed to allocate power for interference management, and a trans-
fer learning approach is used to handle interference management in terms of beamforming.
Therefore, the research on AI-assisted ISAC within the integrated satellite and terrestrial
architecture is meaningful.

5.5. Reconfigurable Intelligent Surface

Reconfigurable intelligent surfaces (RISs), consisting of a series of reflective compo-
nents, have become a focus of 6G wireless communication research for reconstructing
incident signals and mitigating various challenges in wireless networks [136]. In [137],
the authors provided a comprehensive survey on the recent development and advances
of intelligent surfaces. In recent years, several contributions have extensively studied
RIS-aided ISAC systems [138–142]. Through RIS-aided ISAC, the directionality and energy
control of ISAC beams can be further achieved, especially in environments with high
shadowing. When ISAC signals experience fading, RIS can effectively adopt beamforming
technology during transmission [143], achieve rational energy allocation, and save energy.
In the scenario where the target is blocked by surrounding obstructions, the authors utilize
intelligent reflecting surfaces to assist with localization [144]. Several studies have also
focused on RIS in relation to satellites [145,146]. It was shown that placing RIS units on
satellite reflector arrays can provide significant gains in signal transmission for broadcasting
and beamforming [147]. In [148], the authors investigated RIS-assisted satellite-to-ground
covert communication in a satellite communication environment and proposed an iterative
algorithm for optimization.

Based on the above foundation, it is expected that in the ISTNs, RIS-aided ISAC will
optimize beam intensity and power allocation, improve power efficiency, and ultimately
enhance system performance.

6. Conclusions

Combining the sensing capability of radar with the original information transmission
capability of communication, ISAC can enhance the high-precision positioning, imaging,
and environment reconstruction capabilities of devices to enable sensory enhancement and
the connection of everything. In addition, ISTNs will integrate satellites, various types of
vehicles, land, and the ocean, aiming to provide seamless global network coverage and
resolve the challenge of poor connectivity in remote regions.

Based on the above visions, we provided a comprehensive survey of ISAC technology
towards 6G ISTNs in this paper. Firstly, we introduced the historical development process,
evaluation indicators, and the key technologies of ISAC. Then, the development status of
ISTNs was elaborated, especially the integrated network architectures. Finally, we proposed
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the potential scenarios and the key technologies for future satellite–terrestrial ISAC. ISAC
technology and the construction of ISTNs are in a state of rapid development. It is believed
that ISAC technology will be deeply integrated into the ISTNs and ultimately realize the
interconnection of everything.
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