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Preface

With the large-scale commercial deployment of the �ifth-generation
(5G) mobile communication technology and the ongoing development
of the sixth-generation (6G), wireless communication systems are
evolving towards higher spectral ef�iciency, lower latency, and greater
intelligence. In this book, Integrated Sensing and Communication
(ISAC) technology, which enables the deep integration of
communication and sensing functionalities on a single platform, has
emerged as a key enabler for future wireless networks. However,
traditional ISAC systems, such as Time-Division Duplexing (TDD)-based
systems, face challenges such as sensing blind spots, limited
communication capacity, and complex temporal scheduling, which
severely restrict their application in highly dynamic scenarios.

The introduction of Full-Duplex (FD) technology brings a
revolutionary breakthrough for ISAC systems. By enabling
simultaneous transmission and reception in the same frequency band,
FD-ISAC not only eliminates the sensing blind spots inherent in
traditional TDD schemes but also signi�icantly enhances
communication throughput, realizing the true vision of
“Communication enables Sensing, and Sensing enhances
Communication.” This book systematically elaborates on the theoretical
foundations, key algorithms, hardware implementation, and future
trends of FD-ISAC, aiming to provide a professional reference for
researchers, engineers, and senior postgraduate students that
combines theoretical depth with practical guidance.

The book is structured into three distinct parts, each building upon
the last in a logical progression:

Part I: Theoretical Foundations of FD-ISAC
This part begins with the basic models of ISAC systems and delves

into core technologies such as waveform design, channel modeling, and
full-duplex self-interference cancellation: Chapter 1 introduces the
background, technical advantages of FD-ISAC, and its applications in



typical scenarios like intelligent transportation, the low-altitude
economy, and smart homes. Chapter 2 systematically outlines three
main paths for ISAC waveform design, including radar-centric,
communication-centric, and joint design, while establishing
comprehensive communication and sensing channel models. Chapter 3
focuses on the FD self-interference (SI) problem, providing a detailed
analysis of linear and nonlinear modeling for SI signals, and
systematically introduces tri-domain (antenna, radio frequency, and
digital) SI suppression techniques.

Part II: Algorithm and Implementation of FD-ISAC
This part focuses on the signal processing �low, hardware platform

design, and on-chip integration solutions for FD-ISAC systems: Chapter
4 proposes a received signal processing �low tailored for FD-ISAC,
including algorithms for separating target echoes from SI signals, and
introduces various radar signal processing methods. Chapter 5
provides a comprehensive review of the hardware implementation
paths for FD SI Cancellation (SIC), covering key technologies such as
antenna isolation, RF cancellation, and digital �iltering, alongside
performance measurements from several prototype systems. Chapter 6
concentrates on the design of on-chip RF cancellers, systematically
comparing the advantages and disadvantages of four mainstream
architectures, including Frequency-Domain Equalization (FDE), Time-
Domain Equalization (TDE), Hilbert-Transform Equalization (HTE), and
MIMO cancellation.

Part III: Current Challenges and Emerging Frontiers in FD-ISAC
This part summarizes the core challenges facing FD-ISAC in its

current stage of development and explores its convergence with
cutting-edge technologies such as Terahertz (THz), Recon�igurable
Intelligent Surfaces (RIS), and Arti�icial Intelligence (AI): Chapter 7
analyzes the technical bottlenecks of FD-ISAC from three dimensions,
including model design, signal processing, and on-chip implementation.
Chapter 8 discusses the potential of FD-ISAC in emerging �ields like
Terahertz communications, RIS-assisted systems, AI-driven networks,
UAV applications, and Space-Air-Ground Integrated Networks (SAGIN).



This book deeply integrates FD and ISAC into a complete knowledge
system spanning theory, algorithms, and hardware. It covers emerging
interdisciplinary research directions combining FD-ISAC with
Terahertz, RIS, and AI. Furthermore, it provides extensive hardware
implementation data, performance comparison tables, and prototype
system design cases, offering signi�icant engineering reference value. In
addition, it identi�ies clear future research directions for currently
unresolved problems, helping readers grasp the trajectory of
technological evolution.

This book is suitable for the following readership: Researchers and
engineers in the �ields of communication and sensing, postgraduate
students and senior undergraduates in electronic information and
communication engineering, industry technical decision-makers
engaged in 6G, the Internet of Things (IoT), intelligent transportation,
and low-altitude communications.

In summary, this book serves not only as a signi�icant summary of
the current state of ISAC research but also as a key reference for
propelling the �ield from theory to practice and from the laboratory to
industrialization. We hope this book will provide robust technical
support and intellectual inspiration for fostering innovative
development in the convergence of 6G communication and intelligent
sensing.

Given the author’s limited abilities, there are inevitably errors and
omissions in this book. Readers are kindly invited to offer criticism and
corrections.

Prof.	Changhao	Du
Beijing,	China
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operation of communication and sensing on a single platform,
signi�icantly enhancing system performance. The integration of full-
duplex (FD) technology further boosts communication capacity and
mitigates challenges such as sensing blind spots inherent in half-duplex
systems. Consequently, the deep integration of communication and
sensing—particularly full-duplex integrated sensing and
communication (FD-ISAC) technology—has become a primary focus
and breakthrough in current research. This book provides a
comprehensive introduction to full-duplex communication-sensing
integration, addressing key aspects such as system architecture design,
interference elimination, signal processing, communication and sensing
algorithms, and hardware implementation. It also offers solutions to
the challenges faced by full-duplex ISAC technology. Through
systematic discussion, the book aims to provide researchers and
engineers with both theoretical foundations and practical technical
guidance, thereby promoting the further development and application
of full-duplex communication-sensing integration technology.

1.1	 The	Background	and	Signi�icance	of	FD-
ISAC
With the rapid development of wireless communication, numerous
wireless application scenarios, such as smart factories, low-altitude
unmanned systems and vehicle to everything (V2X), are emerging [1].
In smart factory environments, low-latency and high-
reliability communication is essential for enabling real-time data
exchange among machines, controllers, and cloud platforms. At the
same time, high-precision sensing empowers factory nodes and robots
to seamlessly navigate, coordinate, and map their surroundings.
Moreover, the fusion of communication and sensing not only offers a
promising solution for real-time detection, tracking, and classi�ication
of non-cooperative unmanned aerial vehicles (UAVs) in low-altitude
airspace, but also signi�icantly enhances the coordination, control, and
navigation capabilities of cooperative UAVs operating within swarms.



Furthermore, to enable autonomous driving, vehicles are increasingly
equipped with advanced communication transceivers and a wide array
of sensors to facilitate both environmental perception and real-time
information exchange with roadside units (RSUs), nearby vehicles, and
even pedestrians. To this end, these cutting-edge scenarios impose
stringent demands on both robust communication performance and
precise environmental sensing capabilities.

1.1.1	 Disadvantages	of	Separated	Radar
and	Communication	Systems
In the past, communication and sensing modules were typically
designed and deployed as independent subsystems, each with its own
dedicated hardware, signal processing procedures, and spectrum
resources. This separated architecture, while functionally adequate for
traditional applications, lacks the ef�iciency and scalability required by
intelligent systems. With the rapidly growing demand for integrated
communication-sensing solutions, this fragmented design paradigm
has begun to reveal several critical limitations, including increased
hardware complexity, higher power consumption, and severe spectrum
scarcity [2].

Increased	Hardware	Complexity:  The separate design paradigm
necessitates redundant hardware components, including dedicated
RF front-ends, heterogeneous antenna arrays, and specialized
baseband processing units, each tailored for either communication
or sensing tasks. The resulting complexity fundamentally con�licts
with the miniaturization requirements of B5G/6G network nodes,
limiting their deployability in space-constrained environments.
Higher	Power	Consumption: Independent operation of
communication and sensing subsystems creates energy inef�iciencies
due to duplicated signal chains and uncoordinated power
management. The concurrent operation of separate RF modules with
overlapping functionalities results in redundant power allocation
across components such as ampli�iers, converters, and oscillators.
This signi�icantly limits the energy endurance of the device and poses



a major obstacle to the realization of energy-ef�icient and sustainable
green networks.
Severe	Spectrum	Scarcity: The isolated spectrum allocation for
communication and sensing functions imposes competing demands
on limited frequency resources. As the density of dual-functional
devices continues to grow, the use of dedicated, non-overlapping
frequency bands for each modality becomes increasingly
unsustainable, failing to support concurrent operations and
exacerbating spectrum contention. This severely limits the scalability
and deployment �lexibility of future wireless systems, particularly in
spectrum-constrained environments, such as dense industrial
networks and vehicular communication scenarios.

Generally speaking, conventional communication-sensing separated
architecture is subject to increased hardware complexity, higher power
consumption, and severe spectrum scarcity. These impediments
signi�icantly hinder the performance optimization and large-scale
deployment of communication-sensing systems in emerging
application scenarios. Towards that end, there is a strong need to
jointly design communication and sensing operations in B5G/6G
wireless networks, which motivates the recent research theme of
Integrated Sensing and Communications (ISAC).

1.1.2	 From	Traditional	ISAC	Systems	to	FD-ISAC	Systems
ISAC technology achieves the convergence and coexistence of
communication and sensing by leveraging uni�ied waveforms,
multiplexed spectrum, and hardware resources, providing robust
support and breakthroughs for emerging information services and
applications. Moreover, ISAC can effectively synergize with advanced
technologies such as multiple-input multiple-output (MIMO),
orthogonal frequency division multiplexing (OFDM), and millimeter-
wave (mmWave) technologies, which can substantially enhance the
performance of both communication and sensing. Consequently, ISAC
has emerged as a central research focus in both academia and industry,
demonstrating considerable potential in the development of novel



information infrastructures such as integrated air-space networks and
intelligent connectivity.

Based on the number of sensing nodes, existing ISAC systems can be
systematically classi�ied into three major categories:

Mono-Static	Sensing:  Downlink and uplink signals transmitted by
the base station (BS) and user equipment (UE), respectively, are
exploited for sensing purposes, while the BS or UE receives the
corresponding echo signals re�lected from targets using its own
receiver. In this con�iguration, the BS or UE functions as a mono-
static radar, for which the transmitter and the receiver are collocated.
Bi-Static	Sensing: Downlink or uplink signals are re�lected off
targets and received by another BS, rather than the original
transmitter. In this con�iguration, two spatially separated nodes are
jointly involved in the sensing process.
Distributed/Networked	Sensing: Sensing signals can be emitted by
multiple transmitters and received by multiple receivers after being
re�lected from targets. Both BSs and UEs can function as transmitters
or receivers. This corresponds to a multi-static radar system, which
requires a certain level of cooperation among the transceivers to
enable joint sensing and accurate information fusion.

Among these, mono-static sensing stands out for its simple
hardware architecture and inherent synchronization advantages. Unlike
bistatic or multistatic setups, it does not require distributed nodes,
thereby reducing system complexity. Moreover, since the transmitter
and receiver are co-located within the same device, they can share the
same local oscillator, effectively eliminating the need for complex time
and frequency synchronization mechanisms between separate units.
These features make it particularly well-suited for deployment at BSs,
referred to as ISAC BSs, where existing infrastructure can be effectively
leveraged to support both communication and sensing functionalities
in a resource-ef�icient and cost-effective manner.

However, since the echo signals and the transmitted signals share
the same frequency band, ISAC BSs suffer from severe self-interference



(SI). The SI power can be up to one hundred billion times stronger than
that of the re�lected echo signals, leading to a signi�icant degradation in
the sensing signal-to-interference-plus-noise ratio (SINR). To address
this issue, conventional ISAC BS typically employ time-division
duplexing (TDD) schemes, referred to as TDD-ISAC, to avoid severe SI.
However, TDD-ISAC systems still exhibit the following limitations:

Communication	Capacity	Degradation: Reserving dedicated time
slots for receiving sensing echoes reduces the time available for
communication, thereby lowering spectral ef�iciency (SE) and
constraining communication capacity.
Sensing	Blind	Area: The inability to receive sensing echoes during
communication time slots signi�icantly hinders effective sensing of
the near-�ield region.
Disruption	in	Communication	and	Sensing: Since TDD-ISAC
systems are required to allocate separate time slots for
communication and sensing, they are inherently unable to support
the simultaneous operation of both functions. This temporal division
constrains the ability of ISAC systems to respond to highly dynamic
environmental changes in real-time.

In contrast, FD technology allows ISAC devices to transmit and
receive simultaneously, effectively eliminating the sensing blind area
and improving the communication capacity [3, 4]. Moreover, FD
operation enables seamless communication and sensing without the
need for temporal separation, signi�icantly improving ISAC
performance in highly dynamic environments. Therefore, if we can
combine FD technology with ISAC, refer to as FD-ISAC, the performance
of communication and sensing will inevitably be further improved.

1.2	 Technical	Dif�iculties	and	Solutions	of	FD-
ISAC
The FD-ISAC system has problems such as dif�iculties in signal
processing algorithms and hardware implementation, and the overall



architecture of FD-ISAC needs to be researched and developed.
To lay the groundwork for FD-ISAC research, we comprehensively

detailed the key technologies of ISAC and FD separately. In Chap. 2,
focusing on ISAC systems, we examined the core technology of
waveform design, elaborating on radar-centric waveforms prioritizing
sensing accuracy, communication-centric waveforms optimized for data
transmission, and joint waveform designs balancing both objectives.
Concurrently, we presented ISAC channel modeling methodologies:
communication channels necessitate modeling path loss and small-
scale fading, while sensing channels require separate modeling of the
target echo channel and environmental clutter channel, establishing the
foundation for reliable system operation. In Chap. 3, for FD systems, we
analyzed the primary challenge of strong self-interference (SI) arising
from simultaneous transmission and reception, compounded by
nonlinear distortion and multipath re�lections. We investigated
solutions to this challenge through a comprehensive tri-domain
cancellation approach: spatial domain techniques utilize antenna
isolation and beamforming to isolate SI; RF domain methods employ
high-linearity ampli�iers, optimized front-ends, and analog cancellers to
suppress leakage; digital domain strategies leverage adaptive �iltering
and machine learning algorithms for real-time residual SI cancellation.

Building upon this theoretical foundation, we provided a
comprehensive introduction to the key algorithms and implementation
methods for ISAC. In Chap. 4, addressing FD-ISAC signal processing, the
critical dif�iculty lies in separating the weak target echo signal from the
complex received signal mixture containing residual SI and
environmental signals to achieve precise sensing. Echo signal extraction
employs Independent Component Analysis (ICA) for blind source
separation, multi-tap analog domain cancellation hardware, and
Doppler-based dynamic target extraction methods exploiting motion
signatures. Subsequently, radar estimation techniques such as
periodogram methods, subspace spectrum analysis (e.g., MUSIC),
Compressed Sensing (CS), and Deep Learning (DL) are applied to the
extracted echoes to obtain sensing information. In Chap. 5, the



hardware implementation of FD-ISAC faces challenges related to size,
cost, and achieving suf�icient SI cancellation performance in integrated
systems. Dedicated FD sensing hardware platforms integrating these
techniques have been established as testbeds. However, these
implementations remain in the early stages, encountering hurdles in
miniaturization and cost reduction for widespread adoption. In Chap. 6,
the miniaturization and integration of FD-ISAC devices present
signi�icant challenges, particularly in designing effective, small-area,
low-power on-chip RF cancellers. This chapter details monolithic RFIC
solutions classi�ied into four main architectures: Frequency-Domain
Equalization (FDE), Time-Domain Equalization (TDE), Hilbert-
Transform Equalization (HTE), and MIMO cancellation architectures.
Each architecture offers distinct trade-offs in cancellation performance,
supported bandwidth, noise �igure degradation, and silicon chip area
consumption, necessitating future research towards highly
recon�igurable, low-power, area-ef�icient designs.

In conclusion, despite the myriad challenges that FD-ISAC
technology faces in architecture design, algorithm development and
hardware implementation, these obstacles are progressively being
surmounted through advanced research and innovative solutions.
Looking ahead, as FD technology continues to mature and undergo
optimization, FD-ISAC is poised to play an increasingly critical role in
enhancing the synergistic performance of communication and sensing,
achieving more ef�icient resource sharing, bolstering communication
security, and reducing system costs. By integrating sophisticated signal
processing algorithms with adaptive interference management
techniques, FD-ISAC systems will be capable of attaining higher sensing
accuracy and improved communication reliability in complex
environments. This advancement will not only further propel the
development of 5G and 6G networks but also support emerging
application domains such as unmanned delivery, intelligent
manufacturing, and smart healthcare. Consequently, FD-ISAC will
provide robust technical support, fostering the comprehensive and
intelligent evolution of the information society.



1.3	 Development	History	of	ISAC
1.3.1	 Theoretical	Developments	in	Integrated	Sensing
and	Communication	Technologies
Over the past seventy years [7], as communication and sensing have
transitioned from being separate entities to becoming increasingly
integrated, ISAC technology has gradually evolved from its nascent
stage to maturity.In particular, recent years have seen a signi�icant
push, driven by ISAC-related white papers and relevant protocols from
IMT and ITU [8], leading to the recognition of ISAC as a key enabling
technology for next-generation wireless networks and radar systems.
This recognition has spurred a wave of in-depth research across
academia and industry, with the latest advancements already being
implemented. The proceeding of ISAC is shown in Fig. 1.1.

Fig.	1.1 Proceeding of ISAC

The precursor to integrated sensing and communication
(ISAC) technology can be traced back to the 1970s, originating from
NASA’s Space Shuttle program [9], which concurrently employed
communication and radar functionalities in space systems. These
systems integrated sensing capabilities—including target search and
tracking—with bidirectional communication functionalities. Later, in
the 1990s, the emergence of the U.S. Advanced Multifunction Radio
Frequency Concept (AMRFC) stimulated further theoretical research
focused on the integration of communication, sensing, and electronic
warfare [10]. Nevertheless, in these early studies, the functionalities for
communication and sensing remained relatively distinct.To facilitate
radar and communication integration, Kalenichenko et al. [11]



introduced the concept of Joint Radar Communication (JRC) in 2006,
embedding communication information into linear frequency
modulated (LFM) radar signals. Subsequently, further research focused
on waveform designs for ISAC, leveraging chirp signals [12, 13],
weighted pulse sequences [14], and direct-sequence spread-spectrum
(DSSS) techniques [14]. Expanding upon these foundational studies,
Chen et al. [15] proposed a novel LFM waveform incorporating
minimum shift keying (MSK) modulation, signi�icantly improving its
sensing performance.Zhang et al. [16] investigated a compatible
waveform design combining linear frequency modulation (LFM) with
continuous phase modulation (CPM), effectively mitigating
performance degradation caused by power ampli�ier (PA) nonlinearity
and reducing out-of-band interference.However, the high intercept
probability associated with linear frequency modulated (LFM) signals
poses a signi�icant risk to secure information transmission.
Furthermore, ISAC waveforms based on LFM or spread spectrum
technologies, characterized by �ixed waveform parameters and
relatively low data rates, are insuf�icient for large-scale data
transmission requirements.Orthogonal frequency division multiplexing
(OFDM) waveforms were initially introduced for radar sensing
applications in 2009 [17], demonstrating the feasibility of
simultaneously achieving communication and sensing functionalities at
24 GHz. In this approach, high-speed data streams were partitioned
into multiple subcarriers for parallel transmission, thereby validating
the integration capability of OFDM waveforms. Additionally, the
inherent resistance of OFDM to multipath fading has been leveraged in
ISAC scenarios involving multipath and multiple users [18, 19].
Subsequent studies have extensively veri�ied and optimized both the
communication and sensing performance of OFDM-based systems [20–
22].

Multiple-input multiple-output (MIMO) is another critical
technology for enabling integrated sensing and communication (ISAC),
facilitating communication with multiple users and sensing multiple
targets using multiple beams [23]. In 2010, the concept of phased-array



MIMO radar was introduced [24], where the transmit array is divided
into multiple overlapping subarrays that transmit orthogonal
waveforms, thereby enhancing beamforming performance.This
development inspired further research into MIMO-ISAC systems in
subsequent years. Li et al. [25] proposed a coexistence scheme for
MIMO radar and communication systems, which maximizes the signal-
to-interference-plus-noise ratio (SINR) at the receiver while
simultaneously achieving speci�ic sensing functions.BouDaher et al.
[26] introduced a novel information embedding technique by
embedding symbols into pulse waveforms, providing the theoretical
foundation for subsequent research. Additionally, the MIMO radar
systems based on matrix completion (MIMO-MC) [27–29] minimized
mutual interference while sharing the spectrum, thereby alleviating the
constraints of radar systems on communication power and speed.Qian
et al. [30] investigated beamforming schemes for MIMO communication
radar systems and performed joint parameter optimization based on
radar system �ilter design. To reduce complexity while maintaining the
same performance, Arik et al. [31] separated the antennas for
communication and radar functions and proposed a weighted
optimization algorithm for their shared deployment.

Moreover, millimeter-wave (mmWave) [32] technology is well
suited for integration with massive MIMO (mMIMO) due to its high
beamforming gain [33], which has spurred research into ISAC
technologies based on mmWave-mMIMO systems.In 2015, Guerra et al.
[34] investigated the limits of positioning and orientation performance
in millimeter-wave wideband large-scale array networks, deriving the
effects of array structure, bandwidth, and synchronization errors on
positioning accuracy.Shahmansoori et al. [35] studied the Cramér-Rao
bound (CRB) for positioning and rotation angle estimation uncertainty
in mmWave-MIMO systems. Furthermore, the scenario was extended to
non-line-of-sight (NLoS) conditions and scattering, and the positioning
capability of mmWave signals under different multipath delays was
analyzed [36].In addition to enhancing sensing performance, the
reciprocity of channel estimation in mMIMO-ISAC technology [37]



enables the integration of radar antenna array motion parameters and
echoes to obtain channel state information. As a result, combining the
narrow beams and large array codebook characteristics of mmWave-
mMIMO systems with joint ISAC technology effectively reduces beam
training overhead and addresses channel estimation challenges in
dynamic scenarios [38].

In 2016, an ISAC system based on MIMO-OFDM was proposed [39].
In this MIMO-OFDM system, each antenna transmits an integrated
OFDM waveform across multiple sub-bands, making full use of the
array structure and signal bandwidth, while also providing high-
resolution angle and distance estimation capabilities.To address the
high peak-to-average power ratio (PAPR) issue of OFDM signals, Bai et
al. [40] optimized the MIMO-OFDM waveform and system design. By
incorporating complex orthogonal design, they achieve code-domain
orthogonality, effectively suppressing sidelobes and improving distance
resolution.Liu et al. [41] formulated an optimization problem,
highlighted the advantages of MIMO-OFDM over single-input single-
output (SISO) systems, and conducted a performance analysis. In 2021,
Keskin et al. [42] further examined high-mobility scenarios and
analyzed carrier interference (ICI) issues in OFDM systems. The sensing
algorithm of the proposed MIMO-OFDM JRC system demonstrated
superior detection and estimation performance. Meanwhile, Johnston
et al. [43] addressed multi-user requirements by designing waveforms
and receiving �ilters.

Since 2020, theoretical research on ISAC integrated with other
emerging technologies has gained increasing attention. For example,
the combination of ISAC and recon�igurable intelligent surface (RIS)
technology [44] enhances energy ef�iciency (EE) while improving
sensing accuracy and coverage.Shao et al. [45] utilized recon�igurable
intelligent surface (RIS) technology for signal detection and combined
it with multi-signal classi�ication algorithms to sense the direction of
nearby targets, thereby maximizing the average total power of the echo
signals at the IRS sensor. Sankar et al. [46] divided the RIS re�lection
units into two groups for communication and sensing beams, leading to



improved spectral ef�iciency (SE).In 2024, Hua et al. [47] utilized
recon�igurable intelligent surface (RIS) technology to achieve target
sensing and localization in non-line-of-sight (NLoS) links, with the
proposed architecture achieving sub-meter localization accuracy over
extended distances. Research on orthogonal time frequency space
(OTFS) technology [48–50], based on improved OFDM waveforms, has
demonstrated superior sensing performance in high-speed scenarios.
Additionally, integrated sensing and communication (ISAC) has
signi�icant applications and can be combined with low Earth orbit
satellite networks [51], terahertz technology [52], and digital twins [53,
54].

Since 2018, numerous studies on FD-ISAC have emerged. Hassani et
al. [55] developed an architecture based on an electrical balance
duplexer (EBD) that can balance radar communication capabilities
while mitigating SI. In 2019, Barneto et al. [56] developed an FD-ISAC
architecture based on OFDM. This architecture enabled the sensing of
both static and moving targets, such as drones and vehicles. Hassani et
al. [57] conducted a FD-ISAC scenario simulation based on IEEE
802.11ac signals, which demonstrated sensing capabilities suf�icient for
gesture recognition and tracking applications. Furthermore, Islam et al.
[58] applied FD-ISAC to mmWave systems, performing joint
optimization for beamforming and SIC, which enabled the estimation of
sensing information for multiple radar targets. Zhang et al. [59]
designed a FD Integrated Access and Backhaul (IAB) network, which
effectively improved node spectrum ef�iciency (SE) and sensing
accuracy. Finally, Duan et al. [60] proposed a novel frequency-domain
differential SIC scheme, which is effectively applicable to FD-ISAC
systems and can eliminate dynamic interference while extracting echo
signals from moving targets.

1.3.2	 Experimental	Veri�ication	of	ISAC
Radar sensing and communication hardware systems have developed
independently for a long period. With the advent of ISAC, radar and
communication now coexist. The hardware prototype design for ISAC



systems needs to integrate theoretical frameworks. Considering factors
such as hardware compatibility, cost, size, and power consumption,
rational design of radio frequency (RF) and baseband transceiver
structures is required. Depending on the duplexing method of ISAC
systems, hardware validation is classi�ied into TDD architecture and FD
architecture.

The experimental veri�ication of TDD-ISAC systems began in 2006
when Northrop Grumman tested the transmission data performance of
their Active Phased Array Radar (AESA) [61], initially demonstrating
the communication performance of their prototype. In 2011, [70]
validated the performance of ISAC systems based on OFDM and DSSS
waveforms and tested their operability in real road scenarios using a
dedicated system demonstrator, though it could not resolve moving
objects. Further, in 2012, Sturm et al. [62] tested signals parameterized
according to IEEE 802.11a/p standards using USRP as the frontend,
with their ISAC system capable of resolving moving objects. In 2017,
the University of Kansas [63] completed prototype validation of ISAC
systems using LFM waveforms in an indoor anechoic chamber. They
con�irmed that their platform demonstrated good communication
performance and matched the expected radar waveform through beam
pattern measurements, radar waveform validation, and communication
beam error rate analysis. This was the �irst test and validation of ISAC
waveforms. In 2019, Wang et al. [64, 65] applied ISAC technology to
SAR radar, demonstrating its imaging capabilities, and subsequently
conducted experiments on high-speed data communication [66]. In the
same year, Ravenscroft et al. [67] evaluated frequency modulated radar
waveforms with OFDM subcarriers and achieved a receiver signal-to-
noise ratio (SNR) of approximately 20 dB. To achieve higher
communication rates, in 2021, Zhang et al. [68] combined 5G mmWave
technology with ISAC for vehicular networks, achieving radar ranging
accuracy of 0.25 m and a data rate of 2.8 Gbps. Additionally, Ma et al.
[69] implemented an ISAC system based on Generalized Spatial
Modulation (GSM), achieving higher communication rates by
embedding additional data bits in antenna selection and improving



angular resolution while reducing sidelobe levels in the beam pattern
through spatial diversity induced by GSM transmission. In 2022, Xu et
al. [70] designed an SDR testbed based on MIMO-OFDM, which
demonstrated the capability to count individuals entering a room with
high accuracy. To further enhance sensing accuracy, Sakhnini et al. [71]
designed and validated the performance of an mMIMO-OFDM testbed,
achieving centimeter-level high-precision localization of moving objects
and high communication capacity. As research frequencies advanced, in
2024, Ozkaptan et al. [72] prototyped a 24GHz ISAC system based on an
mmWave-MIMO testbed and evaluated the performance of radar-
assisted precoding methods, achieving both data transmission and
high-resolution radar processing capabilities. In the same year, Ouyang
et al. [73] developed and prototyped a testbed for OTFS-ISAC signals.

The experimental veri�ication of FD-ISAC systems began in 2018,
with Hassani et al. [55] from KU Leuven proposing an FD transceiver
architecture with Doppler radar detection capabilities. In 2019, Barneto
et al. [56] addressed the challenges and solutions of ISAC base station
(BS) with both 4G LTE and 5G NR OFDM waveforms. Moreover, in 2021,
The University of Leuven built a prototype based on a FD OFDM
architecture with a low frequency band of 1–2.4 GHz and a narrow
bandwidth of 5-40 MHz in the delay concentration, and a SIC capability
of 86 dB, which achieved a detection range of up to 20 m and a moving
velocity detection of 62.2 m/s [74, 75], with a velocity resolution of
8.6 cm/s. Furthermore, the University of Toulouse’s Mercier et al.
designed a weighted CP-OFDM for radar sensing algorithms [76]. In
addition, Zhang et al. [77] from the University of Edinburgh used an
OTFS hybrid waveform to achieve a detection range of 20 m and a
detection speed of 38 m/s at a carrier frequency of 28  GHz, a
bandwidth of 50 MHz, and a transmit power of 20dBm. Although FD-
ISAC hardware platforms is advancing toward higher frequency bands,
with improving sensing performance, most systems can only detect
basic information such as target distance and speed, lack imaging
capabilities, and research on wideband and on-chip solutions remains
limited.



1.3.3	 Application	Scenarios	of	ISAC
ISAC technology enables the simultaneous execution of functions such
as distance measurement, positioning, imaging, and environment
reconstruction while communicating. By leveraging the obtained
sensing information, the communication performance of the system can
be improved to address varying service demands across different
scenarios. Consequently, ISAC systems are applicable in domains such
as the Internet of Everything (IoE) and smart cities, delivering
enhanced and ef�icient information services. The following will
elaborate on several representative ISAC application scenarios,as
shown in Fig. 1.2.

Fig.	1.2 Application Scenarios of ISAC

In smart transportation scenarios, the use of ISAC BSs or
collaboration through vehicle-to-infrastructure systems [78] enables
comprehensive, all-weather, and continuous detection of vehicle
positions, driving trajectories, and speed information, with the sensing
measurement data uploaded to a processing center. This capability
signi�icantly enhances the intelligent monitoring of highway
operational states and provides robust data support for road
supervision. Moreover, ISAC BSs can achieve road environment
perception. This approach effectively constructs high-precision maps,
providing beyond-visual-range assistance for autonomous



vehicles [79–81]. In June 2024, ZTE, in collaboration with Shanghai
Telecom, demonstrated the �irst 5G-A BS supporting both 10G
experience and ISAC services. This demonstration achieved a
combination of 4K High De�inition live broadcasting and real-time
channel monitoring, supporting capacity assurance in the Lujiazui
hotspot area and smart governance of the Jiangpu region [83].

In smart living scenarios, intelligent IoT devices should possess the
capability to sense nearby users’ physical and behavioral
characteristics, enabling the detection of motion information in
surrounding indoor environments [82, 84]. Furthermore, based on the
location and status sensing of home devices, remote control and
intelligent management of smart homes can be achieved [85].

Simultaneously, by sensing physiological parameters of the human
body, such as heart rate and respiration, real-time monitoring and
alerting of user health conditions can be performed [86]. In November
2022, ZTE conducted a respiration sensing test in an indoor
environment using a 4.9 GHz low-frequency 5G commercial BS [87].
The respiration monitoring capability in line-of-sight (LoS) scenarios is
comparable to commercial respiration monitoring instruments, which
can support applications in health management and other sensing
areas. In 2024, NTT DoCoMo in Japan [88] initiated a trial project
deploying ISAC BSs and sensor devices within a park to monitor
environmental parameters (e.g., temperature, humidity, air quality),
personnel activity, and equipment operating status. The sensed data is
transmitted in real-time to a management center via communication
networks for environmental management, resource optimization, and
security monitoring.



Fig.	1.3 Structure of the Paper

In intelligent low-altitude scenarios, ISAC technology can provide
reliable communication services to ground and low-altitude users
while performing environmental sensing that can assists in trajectory
planning and conserve resources [89]. Moreover, unmanned aerial
vehicles (UAVs) with ISAC technology can detect and sense key
information such as the position, speed, and trajectory of drones [90],
monitor unauthorized �lights, prevent air collisions, and manage low-
altitude drone operations for enhanced security. In June 2024, China
Telecom [91] developed the �irst 5G+ drone smart airport platform,
completing validation of low-altitude logistics, security, and route
protection in Shenzhen, contributing to the emergence of the low-
altitude economy. The integration of drones with ISAC technology has
also brought transformative changes to the logistics industry. For
example, the �irst 100 km 5G-A ISAC cross-sea route network coverage
between Zhoushan and Shanghai enables drones to transport goods
such as seafood, signi�icantly reducing transportation time compared to
traditional cargo ships [92].



As an innovative technological concept, ISAC holds extensive
application prospects. It has widespread applications in areas such as
smart transportation, low-altitude intelligence, smart homes, and
industrial IoT, offering more ef�icient and intelligent solutions for daily
life and work. FD-ISAC has distinct advantages over TDD mode, being
more suitable for high-throughput and precise sensing scenarios.
Although theoretical research has started later and there are still many
technical challenges to overcome, and experimental validation remains
immature, this situation further motivates continued in-depth research
by universities and related institutions, and promote the continuous
growth of commercial applications.



1.4	 How	This	Book	Is	Organized
The Section structure of this paper is shown in Fig. 1.3. Section
2 introduces the ISAC system model, channel model and beamforming
design of ISAC. After that, Sect. 3 presents the system and SIC model of
FD-ISAC. Moreover, Sect. 4 presents the FD-ISAC processing technology,
including Processing Flow and Radar Signal Processing Algorithms.
Furthermore, Sect. 5 and 6 introduces the hardware and on-chip
implementation of FD-ISAC.Finally, Sects. 7 and 8 analyses the
challenges and future directions in the �ield.
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Abstract
Integrated Sensing and Communication (ISAC) is de�ined as a design approach and enabling
technology that combines sensing and communication functions to achieve ef�icient utilization of
wireless resources, thereby mutually bene�iting both functions. The communication and sensing
functions can be co-implemented on the same waveform through well-designed waveforms, which
further facilitates ef�icient spectrum reuse and improves hardware integration. Additionally,
accurate channel modeling provides fundamental knowledge for both reliable communication and
precise sensing in ISAC system. This chapter therefore provides an overview of ISAC waveform
design and channel modeling.

2.1	 ISAC	Waveform	Design
The design of the ISAC signal waveform, as the foundation of ISAC technology, impacts the sensing
and communication performance directly [1]. In order to satisfy different performance
requirements, ISAC systems can be categorized into three main types, each distinguished by the
underlying design of the waveforms, as shown in Fig. 2.1. The �irst type is the radar-centric ISAC
system, which focuses primarily on utilizing modulation of the radar’s waveform to carry
communication information. Such systems tend to focus on environmental sensing at the expense of
communication ef�iciency. The second category is communication-centric ISAC systems, which
generally use a multicarrier design to realize both communication and sensing functions. In this
case, the waveform design prioritizes the communication function, followed by the sensing
performance. Finally, the goal of joint ISAC systems is to achieve a balance between sensing and
communication functions by integrating them into a uni�ied waveform. These systems require
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advanced signal processing techniques and ef�icient waveform design to achieve effective
coexistence of the two functions without signi�icant performance degradation.

This section provides an insight into the models that characterize these three ISAC system types,
highlighting their unique features and fundamentals.

Fig.	2.1 Branch diagram of ISAC Waveform Designs

2.1.1	 Radar-Centric	ISAC	Systems
In radar-centric ISAC systems, communication is enabled within an existing radar framework by

embedding communication signals into radar waveforms. Early radar-centric ISAC systems, as
demonstrated in works by [2], have shown feasibility in both static and mobile radar setups, where
radar communication networks can be built. A key advantage of radar-centric systems is the ability
to achieve long-range communication due to radar’s inherent wide-range sensing capabilities.
However, the data rate is often limited due to the constraints of radar waveforms. There are mainly
three categories for radar-centric ISAC systems, i.e., beampattern modulation and index modulation.

(1)	Beampattern	Modulation	ISAC	Systems:  In beampattern modulation ISAC systems,
communication information is embedded within radar pulses using beampattern modulation
techniques. This type of information embedding uses exactly the same waveform for radar and
communications. However, depending on the transmitted information, it is possible to change the
radar beam pattern in the amplitude and phase of the side lobes [3–5].

Consider a SIMO radar system consisting of M antennas. Denote the total transmit power by P.
The baseband transmitted signal during the τth radar pulse can be de�ined as

(2.1)

where t and τ  represent fast time and pulse index, respectively, the notation (⋅)∗ denotes the
complex conjugate operation, w refers to the beamforming weight vector with unit norm, and ν(t)
represents the radar waveform. Assuming the radar signal ν(t) has unit energy, we have 
∫
Tν

|ν(t)|2dt = 1, where Tν  denotes the duration of waveform.
By modulating the radar beam pattern, communication information can be embedded into the

radar signal. The modulated beam pattern during the radar pulse becomes
(2.2)

s(t;τ) = √Pw
∗ν(t),

H



where θ denotes the spatial angle, a(θ) denotes the transmit array guidance vector, E{⋅} denotes
the expectation operator, and g(θ) = w

H
a(θ) denotes the complex response of the beamformer in

the direction θ.
By designing different wn to achieve sidelobe amplitude encoding, for example:

where θc is the communication direction, {δn} denotes the amplitude symbol set, and NAM

represents the number of amplitude levels.
Information is embedded via phase rotation under the constraint:

where Ωn is the PSK phase symbol, d(θc) is the desired gain in the communication direction, and 
NPSK denotes the number of phase states.

Therefore, information can be embedded in the radar signals by amplitude modulation of the
radar emission gain in the sidelobe region or by phase modulation of the entire spatial domain
emission pattern. This beamforming approach allows radar and communication functionalities to
be achieved simultaneously by keeping the main radar beam unchanged while modulating the
sidelobe levels to convey information. Let ~

G(θ,S (τ)) and S (τ) represent the modulated beam
pattern and the embedded communication symbol, respectively, during the τth radar pulse. To
perform the radar and communication simultaneously, the modulated beam pattern has to satisfy

(2.3)

where Dcom represents the communication symbol constellation, ~g(θ,S (τ)) represents the
modulation transmission gain, while Θ = (θ0 − (1/2)Θbw, θ0 + (1/2)Θbw), θ0 is the angle at the
center of the radar’s main beam and Θbw is the width of the radar main beam. Equation (2.3) is the
prerequisite for maintaining the radar’s main beam constant throughout the beampattern
modulation processing.

Reference [4] implemented communication information embedding through ASK using sidelobe
control and waveform diversity. The authors in [6] developed a far-�ield radiated emission design
based on PSK. Reference [7] adopted AM to �lexibly adjust the array structure for continuous
sidelobe level control.

Lessons Learned : In ISAC systems, AM offers intuitive implementation by mapping
communication symbols to sidelobe levels (SLLs) with minimal mainbeam impact; however, it
suffers from limited data rates due to sidelobe attenuation constraints and high BER in low-SNR
environments. PM provides superior noise immunity (e.g., PSK achieves 1–2 orders of magnitude
lower BER than AM), enables mainbeam information embedding, and supports dynamic channel
adaptation through non-coherent schemes; yet it requires precise channel phase estimation for
coherent operation and may distort the radar waveform’s ambiguity function, degrading range-
Doppler resolution. ASK facilitates parallel transmission of M symbols in MIMO con�igurations and
reduces BER via dual-SLL designs; nevertheless, it suffers from reduced per-waveform power (P/M)

G(θ) = a
T (θ)E{s(t;τ)s

H(t;τ)}a(θ)

= P |wH
a(θ)|2 = P |g(θ)|2,

P w
H
n a(θc)

2
= δn, n = 1, 2, ⋯ ,NAM∣ ∣w

H
n a(θc) = d(θc)ejΩn , n = 1, 2, ⋯ ,NPSK

~
G(θ,S (τ)) = P |~g(θ,S (τ))|2 ≃ G(θ),

∀θ ∈ Θ, S (τ) ∈ Dcom.

–



in MIMO systems, necessitating beamforming compensation while demanding strict waveform
orthogonality.

(2)	Index	Modulation	ISAC	Systems:  Index modulation (IM) fundamentally differs from
traditional modulation by conveying information not through signal parameters (amplitude,
frequency, or phase), but through the index	positions of communication resource units (e.g.,
antennas, subcarriers, time slots). This technique maps combinatorial states of resource activation
patterns to information bits, replacing conventional constellation point mapping. Crucially, in
sensing-centric waveform design, IM preserves the original radar waveform with negligible
performance degradation. The main diversity implementations are:

Spatial	Diversity: Utilizes antenna position differences, generating indexes by activating speci�ic
antenna combinations. Spatial diversity is typically combined with frequency diversity.
Frequency	Diversity: Employs frequency bands or subcarriers, creating indexes through
activated frequency points. By leveraging frequency-hopping radar and antenna selection,
multiple carrier frequencies are selected from the frequency set F = {f1, f2, ⋯ , fK} during
each transmit pulse and transmitted through the chosen antennas A = {a1, a2, ⋯ , aM}.
Distinct combinations of the “frequency-antenna" indices represent different data symbols.

The MAJoRCom system [9] employs frequency agility and antenna selection to establish a
spatial-frequency joint indexing scheme for symbol transmission, but suffers from power dispersion
due to full-antenna transmission; Ma et al. [10] overcome the degrees of freedom (DoF) bottleneck
by integrating FMCW waveforms with partial antenna activation and binary phase modulation.
Baxter’s proposed frequency-hopping code selection (FHCS) [11] maps symbols to hopping pattern
combinations, while hybrid modulation schemes (e.g., PSK+FHCS [12]) achieve communication rate
multiplication through dual-domain	(phase-frequency)	encoding.

Lessons Learned : IM enhances spectral ef�iciency by conveying additional information
through the activation states of speci�ic resource units (e.g., subcarriers, antennas), achieving higher
data rates within identical bandwidth compared to conventional modulation schemes in ISAC
system. It reduces power consumption in low-power scenarios by activating minimal resources
(e.g., sparse subcarriers). However, IM performance is highly sensitive to Channel State Information
(CSI), requiring precise channel estimation—a signi�icant challenge in dynamic and time-varying
channels. In massive MIMO systems, joint optimization of activation patterns and power allocation
becomes prohibitively complex, necessitating low-complexity algorithmic solutions.

2.1.2	 Communication-Centric	ISAC	Systems
Communication-centric ISAC systems are built on existing communication frameworks with added
radar sensing capabilities. Currently, OFDM and OTFS have been widely adopted to support the
design of such ISAC systems. The book considers ISAC signals where the same signal waveform
simultaneously achieves both communication and radar functionalities. It does not consider
schemes such as subcarrier allocation in OFDM systems, where radar subcarriers modulate radar
data and communication subcarriers modulate communication data. In OFDM-based ISAC, the
communication function transmits data via modulation symbols on subcarriers to ensure
communication performance. While the sensing function estimates target range and velocity by
detecting time delays and Doppler shifts in the received echo signals, thereby realizing sensing
capabilities.

(1)	OFDM-Based	ISAC	Systems: Consider a typical ISAC scenario where a BS transmits traditional
OFDM signals for communication with users while simultaneously utilizing the OFDM echo signals
to sense targets. De�ine x(t) as the transmitted baseband OFDM signal.

–

( )



(2.4)

where Ns and Nc are the number of OFDM symbols and subcarriers within a single frame,
respectively, dm,n represents the mth OFDM symbols on the nth subcarrier, while fn denotes the
frequency of the nth subcarrier. The overall duration of an OFDM symbol is given by 
TOFDM = Ts + Tg, where Ts and Tg are the durations of an elementary symbol and the cyclic pre�ix,
respectively. Moreover, rect(t/T ) depicts a rectangular window with a duration T.

The received re�lected echo signal y(t) can be obtained as

(2.5)

where μ(m,n) denotes the echo channel at the mth OFDM symbols on the nth subcarrier, fD and τ
are the Doppler shift and delay, respectively.

OFDM is often combined with other modulation methods, such as Linear Frequency Modulation
(LFM), phase coding, and spread spectrum techniques, to enhance the sensing performance of
OFDM-based ISAC signals [1].

OFDM	+	LFM: Superimposes LFM modulation on OFDM subcarriers. Enhances range resolution
by increasing the time-bandwidth product (TB = B ⋅ T ), suitable for long-distance target
detection.

(2.6)

OFDM	+	Phase	Coding: Utilizes phase coding (e.g., Gold sequences, chaotic sequences) to
optimize the ambiguity function sidelobes and reduce PAPR.

(2.7)

where the phase-coded communication symbol is de�ined as am,n = dm,n exp (jϕm,n), where 
dm,n is the original modulation symbol, and ϕm,n denotes the phase coding sequence. And Tp

denotes the symbol width of phase coding, satisfying Tp = TOFDM/Ns.
OFDM	+	Spread	Spectrum: Extends the spectrum using DSSS technology, enhancing anti-
jamming capability while reducing PAPR.

(2.8)

where am(p) denotes the p-th spread spectrum chip on the m-th OFDM symbol, taking values of 
±1 (e.g., BPSK spreading). And tc represents the duration of a single spread spectrum chip,
satisfying tc = TOFDM/P , i.e., each OFDM symbol is spread into P  chips.

The instantaneous frequency of a LFM signal increases over time, thereby expanding the signal’s
time-bandwidth product and enabling high-resolution long-range radar sensing [13]. The ISAC
signal combining OFDM with LFM effectively enhances Doppler sensitivity and reduces velocity
estimation error [14].Reference [21] proposes an in-band full-duplex ISAC system based on chirp-

x(t) = ∑Ns−1
m=0 ∑Nc−1

n=0 dm,ne
j2πfntrect( t−mTOFDM

TOFDM
),

y(t) = ∑Ns−1
m=0 ej2πfDt ⋅ ∑Nc−1

n=0 μ(m,n)dm,ne
j2πfn(t−τ)

×rect( t−mTs−τ
Ts

),

x(t) = ∑Ns−1
m=0 ∑Nc−1

n=0 dm,ne
j2πfnt ⋅ ejπkt

2
rect( t−mTOFDM

TOFDM
),

x(t) = ∑Ns−1
m=0 ∑Nc−1

n=0 anm ⋅ ej2πfnt ⋅ rect( t−mTp

Tp
),

x(t) = ∑Ns−1
m=0 ∑Nc−1

n=0 ∑P−1
p=0 dm,nam(p)ej2πfnt ⋅ rect( t−ptc−mTOFDM

TOFDM
),



scrambled OFDM, which utilizes the chirp characteristics of echo signals to achieve centimeter-level
super-resolution distance estimation while maintaining communication performance equivalent to
conventional OFDM. Reference [22] reveals the mathematical relationship between OFDM and
FMCW waveforms, and accordingly proposes a novel method that fuses OFDM and FMCW through
DFT matrix integration.

Reference [15] proposed a phase-coded OFDM signal design scheme for single point-scatterer
targets. This OFDM signal comprises N  subcarriers, with the bit stream mapped onto an M-bit
sequence. Zhao et al. [16] designed a chaotic sequence-based phase-coded OFDM signal with large
time-bandwidth product. They developed a method to extract well-correlated phase coding
sequences from chaotic sequences, and further introduced subcarrier weighting to reduce the
PAPR. Qi et al. [17] proposed an ISAC signal combining OFDM with phase coding using complete
complementary codes, achieving high data information rate and precise target detection.

To enhance ISAC signal resolution, [18] proposed an OFDM signal combining spread spectrum
with LFM. This design ensures signal orthogonality at the receiver while maintaining large time-
bandwidth product. Beyond Gold sequences, references [19, 20] also developed ISAC signals using
MSK and DSSS techniques.

Lessons Learned : OFDM-LFM based ISAC systems deliver high-resolution sensing
capabilities but suffer from high PAPR. OFDM with phase coding based ISAC systems achieve low
PAPR and strong anti-jamming capability, while exhibiting sensitivity to carrier frequency offset and
requiring complex synchronization algorithms.Spread Spectrum OFDM based ISAC systems provide
robust anti-jamming performance and low PAPR characteristics at the cost of reduced bandwidth
ef�iciency and high implementation complexity.

(2)	OTFS-Based	ISAC	Systems: Although the OFDM has been widely adopted for ISAC system
design, its performance degrades signi�icantly in high-mobility scenarios due to severe Doppler
shifts. To address this, OTFS modulation has been introduced for ISAC systems, offering enhanced
performance in high-speed environments [48]. Unlike OFDM, which modulates data in the time-
frequency domain, OTFS modulates data in the delay-Doppler (DD) domain. This allows for perfect
alignment of time delays and Doppler shifts, preserving subcarrier orthogonality in high-mobility
ISAC scenarios.

To transmit a block of symbols {xk,j} , the inverse symplectic �inite Fourier transform (ISFFT) is
�irst applied to convert the data symbols into a block of samples {X[n,m]} in the DD domain. This
transformation can be expressed as

(2.9)

It generates the continuous-time signal based on the transformed samples, which can be expressed
as

(2.10)

where gtx(t) is the transmit pulse shaping function and T is the symbol duration.
After transmission through a noiseless time-frequency selective channel, the received signal r(t)

can be expressed as
(2.11)

–

X[n,m] =
N−1

∑
k=0

M−1

∑
l=0

xk,le
j2π( nk

N
− ml

M
),

for n = 0, … ,N − 1 and m = 0, … ,M − 1.

s(t) = ∑N−1
n=0 ∑M−1

n=0 X[n,m]gtx(t − nT )ej2πmΔf(t−nT ),



By applying the symplectic �inite Fourier transform (SFFT) to the received signal, the signal is
transformed into the DD domain. In the DD domain, maximum likelihood estimation (MLE) can be
employed to accurately estimate both the target’s range and velocity.

In 2020, the effectiveness of OTFS waveforms for ISAC transmission was validated in [23], where
the authors demonstrated that OTFS signals could achieve radar sensing with a bounded estimation
error, without degrading communication performance. This work was later extended to the case of
MIMO transmissions in [24], where a hybrid analog-digital (HAD) beamformer was designed for
ISAC. Furthermore, Yuan et al. [25] investigated ISAC-assisted OTFS transmission in vehicular
networks, proposing an effective beamforming prediction scheme. In [26], an OTFS-based ISAC
framework was introduced, along with the concept of “spatial spreading", which facilitates the
exploitation of channel characteristics in the DD-angle (DDA) domain.

Lessons Learned : Compared with OFDM, OTFS requires shorter CP while enabling longer
sensing ranges and faster target tracking rates. Additionally, OTFS eliminates Inter-Carrier
Interference (ICI), facilitating high-Doppler shift estimation and high-velocity target detection [27].
However, OTFS-based ISAC systems suffer from high computational complexity.

2.1.3	 Joint	ISAC	Systems
While communication-centric and radar-centric integrated waveform designs can achieve a certain
level of joint sensing and communication, they do not allow for a �lexible trade-off between the two
functions. Using radar sensing (communication) signals for communication (or sensing) presents
signi�icant challenges. However, joint waveform design addresses this issue effectively. Unlike
previous methods, joint waveform design jointly optimizes waveform parameters based on
performance metrics [28].

Reference [29] developed a joint waveform and �ilter design for coexisting MIMO radar and
communication systems in clutter environments, maximizing radar SINR under communication rate
constraints. Reference [30] achieved optimized target localization by minimizing the Cramér-Rao
Bound (CRB) for Direction of Arrival (DOA) estimation subject to communication QoS constraints.
Reference [31] implemented dual-functional cooperation through weighted-sum maximization of
communication Mutual Information (MI) and sensing MI, incorporating spatio-temporal power
optimization with training overhead. Reference [32] proposed a beamforming framework that
matches the radar’s desired beampattern while nulling interference to communication users in MU-
MIMO systems. Reference [33] achieves superior symbol error rate performance and enhanced
waveform design freedom through optimized waveform design that exploits rather than suppresses
interference. Reference [34] establishes ef�icient information-theoretic performance in noisy
environments by optimizing the Pareto boundary between Mutual Information and Minimum
Mean-Square Error (MMSE). Reference [35] enhances sensing performance (sidelobe suppression
and accuracy improvement) through optimized OFDM resource allocation (time, frequency, energy)
and interpolation techniques using Schatten p-approximation. Reference [37] balances
communication data rate and sensing accuracy through optimized cross-domain waveform
strategies. Reference [38] derives Pareto boundary trade-offs between communication and sensing
by optimizing channel capacity under sensing metrics with covariance mismatch constraints.

r(t) = ∫ h(t, τ)s(t − τ)dτ =
P−1

∑
p=0

hps(t − τp)ej2πνpt.

–



Fig.	2.2 ISAC channel models

Lessons Learned : Joint ISAC waveform design achieves balanced dual-functional
performance through multi-objective weighted optimization. However, most waveform optimization
problems are non-convex, requiring approximate methods like Semi-De�inite Relaxation (SDR) and
Alternating Optimization (AO), where computational complexity grows exponentially with
dimensionality.

2.2	 ISAC	Channel	Models
To improve the communication and sensing performance of ISAC systems, realistic wireless channel
models must be developed. An ISAC channel typically consists of both communication and sensing
channels, as shown in Fig. 2.2. The sensing channel model can be built upon existing communication
channel models by introducing elements relevant to sensing systems, such as the radar cross-
section (RCS) and other related features. In the following, we will investigate the communication
and sensing channel models for downlink ISAC, encompassing both Line-of-Sight (LoS) and Non-
Line-of-Sight (NLoS) scenarios, as depicted in Fig. 2.3.

Fig.	2.3 Downlink ISAC in LOS and NLOS scenarios
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2.2.1	 Communication	Channel	Model
In ISAC systems, the communication channel modeling can follow the standard 3GPP channel
models, which account for both large-scale and small-scale fading effects, such that

(2.12)

where PL represents the large-scale fading, while Hu,s,n(t) denotes the small-scale channel
response.

Large-scale fading in communication channels primarily manifests in path loss and shadow
fading. Using the free-space path loss model as an example, the large-scale fading model is given by

(2.13)

where shadow fading Xσ follows a Gaussian distribution with zero mean and σ2 covariance. The
path loss for other scenarios can be found in the 3GPP standards.

Small-scale fading in communication channels is primarily caused by multipath effects, where
the signal travels through multiple paths with different delays and attenuations. Commonly,
parameters such as delay spread, angle spread, and Doppler shift are used to describe the
characteristics of small-scale fading in the channel. These parameters help capture the variations in
signal strength due to the constructive and destructive interference of signals arriving via different
paths, and are critical for accurate modeling and performance analysis in wireless communications.

In the presence of both LoS and NLoS paths, the small-scale channel response Hu,s,n(t) can be
modeled by Rician fading, which can be expressed as

(2.14)

where K is the Rician factor and HNLoS
u,s,n (t) represents the channel coef�icient for the NLoS path at

time t, which can be expressed as
(2.15)

H(t) = √PL ⋅ Hu,s,n(t),

PL = 32.4 + 20 log10 (d3D) + 20 log10 (fc) + Xσ
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Fx,z,ϕ(θn,m,ZOD,ϕn,m,AOD)
⎤⎥⎦exp (jΦθθ

n,m) √κ−1
n,m exp (jΦθϕ

n,m)

√κ−1
n,m exp (jΦϕθ

n,m) exp (jΦϕϕ
n,m)



Note that the notations used in (2.14) and (2.15) are summarized in Table 2.1.

Table	2.1 Parameter de�initions for communication in ISAC systems

Parameter Description

Frx,u,θ

Frx,u,ϕ

Field pattern of receive antenna element u in spherical coordinates (θ,ϕ)

Ftx,s,θ

Ftx,s,ϕ

Field pattern of transmit antenna element s in spherical coordinates (θ,ϕ)

ϕLOS,AOD

θLOS,ZOD

LOS azimuth angle between base station and communication receiver

ϕLOS,AOA

θLOS,ZOA

LOS elevation angle between base station and communication receiver

d̄ tx,s Transmission vector from the transmitter to the receiver

d̄ rx,u Reception vector from the transmitter to the receiver

Pn Transmit power of the sender

M Number of sub-paths

τn Generated cluster delay

Ω̄
T

tx,n,m

Ω̄
T

rx,n,m

Unit vector of departure and arrival angles

vn,m Doppler frequency factor

2.2.2	 Sensing	Channel	Model
In ISAC systems, the sensing component relies on detecting and analyzing the re�lected signals from
targets in the environment. To achieve accurate target detection and sensing, it is necessary to
model a two-way multipath sensing channel, which consists of two key links:

The link from the signal transmitter to the sensing target.
The link from the sensing target back to the receiver.

The sensing channel is thus formed by both the target-speci�ic and environmental
characteristics, which can be expressed as

(2.16)

where T represents the number of sensing targets, H k
u,s(τ, t) denotes the sensing channel

coef�icient for the kth target, and H e
u,s(τ, t) corresponds to the channel coef�icient for the

environment. Additionally, PLk and SLk represent the path loss and shadow fading for the kth
target, respectively, while PLe and SLe indicate the path loss and shadow fading for the
environment.

2.2.2.1	 Path	Loss	in	Sensing	Channel
The path loss calculation formula for the ISAC system can be modi�ied based on the existing path

loss calculations de�ined by 3GPP. The current 3GPP path loss formula describes a unidirectional
link from the transmitter to the receiver, incorporating the effects of the receiver’s antenna
aperture, while the sensing target only re�lects the signal.

H(τ, t) = ∑T
k=1 SLkPLkH

k
u,s(τ, t) + SLePLeH

r
u,s(τ, t),



If the path loss from the sensing transmitter to the sensing target is denoted as PL(d1) and the
path loss from the sensing target to the sensing receiver as PL(d2), applying the 3GPP TR 38.901
path loss model for both paths effectively calculates the receiver’s antenna aperture effect twice,
without accounting for the in�luence of scattering from the sensing target. To rectify this, it is
necessary to subtract the antenna aperture effect once and incorporate the effect of the target’s RCS.
Therefore, the path loss calculation for the ISAC system, PLs(d1, d2), can be expressed as

(2.17)

where PL(d1) and PL(d2) can be calculated using the existing path loss formulas de�ined in 3GPP,
or alternatively, the free-space path loss formula. Here, λ represents the wavelength in meters (m),
and σRCS denotes the RCS of the sensing target in square meters (m2). Speci�ically, the calculation
methods for PL(d1) and PL(d2) should refer to the modeling approaches used for the
communication channel.

Assuming the sensing target is a point target, we consider the RCS to be constant regardless of
the direction of incidence or re�lection, thus using a speci�ic value for RCS. Different sensing targets
typically have varying RCS values. Table. 2.2 presents typical RCS values for various re�lectors in the
microwave frequency range.

Table	2.2 Typical RCS values of re�lective objects at microwave
frequencies

Re�lective	Object RCS	(m2) RCS	(dBsm)

Helicopter 3 4.8

Small	vessel/small	UAV 0.02 −17

Small	boat	(20-30	ft) 3 4.8

Car 100 20

Truck/Van 200 23

Bicycle 2 3

Human 1 0

Large	bird 10−2 −20

Medium	bird 10−3 −30

Large	insect 10−4 −40

Small	insect 10−5 −50

Note The two RCS values are related by the equation:RCS(dBsm) = 10 log10 (RCS(m2))

2.2.2.2	 Sensing	Targets	Channel
The sensing channel for the targets utilizes the method outlined in 3GPP TR 38.901 to generate the
sensing channel coef�icients. However, it is essential to incorporate additional factors such as the
absolute delay of the clusters and the Doppler effects caused by the relative velocities of the targets
with respect to both the sensing transmitter and receiver. In scenarios where both LoS and NLoS
paths exist, the model can be constructed to represent a single LoS echo path from the sensing
transmitter to the target, combined with multiple NLoS echo paths. This approach effectively
captures the propagation characteristics by merging the LoS path with the NLoS paths using the

PLs(d1, d2) = PL(d1) + PL(d2) + 10 log10 ( λ2

4π ) − 10 log10 (σRCS),



Rician factor KR, allowing for a comprehensive representation of the LoS echo as part of the
channel model, such that

(2.18)

where the channel coef�icient H LOS
u,s,1(t) and HNLOS

u,s (τ, t) represent the LoS and NLoS echo path,
respectively.

The LoS echo channel coef�icient H LOS
u,s,1(t) can be expressed as

(2.19)

The random phase associated with this LoS path can be considered a reference benchmark,
effectively serving as the normalized phase. This normalization allows for clearer interpretation of
the phase shifts caused by environmental factors and target movements, facilitating more accurate
estimation of the channel characteristics in the sensing system. In (2.19), the second term utilizes
the deterministic phase expression for the LoS path as de�ined in 3GPP TR 38.901. However, in
certain scenarios where the LoS echo re�lects off the sensing target, the phase may undergo random
changes.

Moreover, the NLoS echo channel coef�icient HNLOS
u,s (τ, t) can be expressed as

(2.20)

where HNLOS
u,s,m (t) represents the channel coef�icient for the NLoS echo paths in the cluster of LoS

echoes from the sensing transmitter to the sensing target and then to the sensing receiver, which
can further expressed as

(2.21)

H LOS
u,s (τ, t) = √ 1

KR+1
HNLOS

u,s (τ, t) + √ KR

KR+1
H LOS

u,s,1(t)δ(τ − τ1 − de3D/c),

H LOS
u,s,1(t) =

T

× exp (−j2π d3D

λ0
)

× exp (j2π r̂T
rx,LOS⋅d̄ rx,u

λ0
) exp (j2π r̂T

tx,LOS⋅d̄ tx,s

λ0
)

× exp (j2π r̂T
rx,LOS⋅v̄r
λ0

t) exp (j2π r̂T
tx,LOS⋅v̄t
λ0

t).

⎡⎢⎣ Frx,u,θ(θLOS,ZOA,ϕLOS,AOA)

Frx,u,ϕ(θLOS,ZOA,ϕLOS,AOA)
⎤⎥⎦ ⎡⎢⎣ 1 0

0 −1
⎤⎥⎦⎡⎢⎣ Ftx,s,θ(θLOS,ZOD,ϕLOS,AOD)

Ftx,s,ϕ(θLOS,ZOD,ϕLOS,AOD)
⎤⎥⎦HNLOS

u,s (τ, t) = ∑3
i=1 ∑m∈Ri

HNLOS
u,s,m (t)δ(τ − τ1j − d3D/c),



Note that the notations used in from (2.18) to (2.21) are summarized in Table 2.3.
Considering the channel coef�icients for multiple sensing targets, the above steps are applied to

each target, combining large-scale fading to form the overall sensing channel for the targets.

Table	2.3 Parameter de�initions for sensing in ISAC systems

Parameter Description

Frx,u,θ

Frx,u,ϕ

Field pattern of receive antenna element u in spherical coordinates (θ,ϕ)

Ftx,s,θ

Ftx,s,ϕ

Field pattern of transmit antenna element s in spherical coordinates (θ,ϕ)

ϕLOS,AOD

θLOS,ZOD

LOS azimuth angle between base station and sensing target

ϕLOS,AOA

θLOS,ZOA

LOS elevation angle between sensing target and communication receiver

r̂Ttx Transmission vector from sensing transmitter to target

r̂Trx Reception vector from sensing target to the receiver

P1 Sensing transmit power for the target

M Number of sub-paths for LOS echo cluster of each target

τ1,i Generated cluster delay

v̄r Velocity of the sensing receiver relative to the target

d3D Distance between the sensing sender to the sensing target to the sensing receiver

2.2.2.3	 Environment	Channel
The environmental channel is generated independently using statistical methods, making it
uncorrelated with the sensing targets. This can be viewed as a statistical model of the
environmental targets, where the NLoS clusters correspond to statistically de�ined environmental
targets. The steps from 3GPP TR 38.901 are utilized to generate the environmental channel
parameters.

The channel coef�icients for the N NLoS clusters between the sensing transmitter and receiver,
denoted as HNLOS

u,s,n,m(τ, t), and the channel coef�icient for the LoS cluster, H LOS
u,s,1(t), are generated

based on the methods outlined in 3GPP TR 38.901. The LoS channel coef�icient for the environment
can be expressed as

HNLOS
u,s,m (t) = √ P1

M
[ ]

T

×

×[ ]

× exp (j2π r̂Trx,m⋅d̄ rx,u

λ0
) exp (j2π r̂Ttx,m⋅d̄ tx,s

λ0
)

× exp (j2π r̂Trx,m⋅v̄r
λ0

t) exp (j2π r̂Ttx,m⋅v̄t
λ0

t).

Frx,u,θ(θm,ZOA,ϕm,AOA)

Frx,u,ϕ(θm,ZOA,ϕm,AOA)
⎡⎢⎣ Ftx,s,θ(θm,ZOD,ϕm,AOD)

Ftx,s,ϕ(θm,ZOD,ϕm,AOD)
⎤⎥⎦exp (jΦθθ

m) √κ−1
m exp (jΦθϕ

m )

√κ−1
m exp (jΦϕθ

m ) exp (jΦϕϕ
m )



(2.22)

Furthermore, the NLoS channel coef�icient for the environment is given by

(2.23)

The large-scale path loss includes the path loss between the sensing transmitter and the sensing
target, as well as between the sensing target and the sensing receiver. It also accounts for the fading
caused by signal re�lection and scattering from the sensing target, represented through RCS
modeling.

2.3	 Conclusion
In this chapter, we provided an overview of the basic principles of ISAC, focusing on waveform
design and channel model. In terms of waveform design, three representative waveform principles
were introduced:radar-centric, communication-centric, and joint design. In terms of channel
modeling, we explored communication and sensing channel models, emphasizing path loss and
small-scale fading for the communication channel model; and distinguishing between target echo
channel and environment channel for the sensing channel model. These insights lay the foundation
for FD-ISAC, which will be discussed in subsequent chapters.
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on the FD system model, FD self-interference (SI) signal model, and
interference cancellation techniques. Initially, we overview the FD
system model, exploring echo signal characteristics to ensure
synchronous signal transmission and reception within the same
frequency band. This synchronization supports the seamless
integration of communication and sensing, laying a foundation for FD-
ISAC systems. We then summarize methods for modeling FD-ISAC
system self-interference, considering nonlinearities from wireless
multipath channels and transceiver links. The model includes direct
path leakage, re�lected interference, and hardware-induced distortions,
providing an accurate re�lection of real-world interference
characteristics and a basis for interference mitigation strategies. Finally,
we detail self-interference cancellation techniques across spatial,
analog, and digital domains. Spatially, advanced antenna designs and
beamforming suppress interference. Analog solutions involve high-
linearity ampli�iers and optimized front-end designs to minimize
leakage, while digital strategies use adaptive algorithms and machine
learning to enhance cancellation precision. This multi-tiered approach
ensures ef�icient interference management in complex environments,
optimizing both communication and sensing functionalities in FD-ISAC
systems.

3.1	 FD	System	Model
Full-duplex technology occupies a pivotal role in modern wireless
communication systems primarily due to its capability to
simultaneously transmit and receive signals, signi�icantly enhancing
spectral ef�iciency and overall system performance. However, a major
challenge arises from the reception of high-power signals emitted by
the transmitter being captured by the receiving antenna of the same
device, leading to strong self-interference. This self-interference often
substantially exceeds the power of useful received signals, severely
degrading signal quality and the reliability of communication.
Consequently, the crux of full-duplex technology lies in effectively



mitigating self-interference. The design of full-duplex system models
must, therefore, incorporate robust self-interference cancellation
(SIC) mechanisms at both hardware architecture and algorithmic levels
to ensure stable and ef�icient system operation.

Figure 3.1 illustrates a typical model of a full-duplex system,
detailing the �low of signals along the transmission and reception paths
and the strategies for self-interference suppression across various
domains (antenna domain, RF domain, and digital domain). In full-
duplex communication systems, the transmission and reception stages
are crucial for ensuring simultaneous signal transfer and reception. The
transmission process begins with baseband signal processing where
the “TX Signal” represents the processed digital signal, which is then
converted into an analog signal by a digital-to-analog converter (DAC).
This analog signal is subsequently ampli�ied by a high-power ampli�ier
(HPA) to ensure that the emissions via the transmit antenna are
suf�iciently strong to radiate effectively outward. Not only does this
radiated signal transmit data to downlink users, but it may also interact
with objects in the surrounding environment (such as vehicles),
generating echo signals.

Fig.	3.1 A typical model of FD system

At the receiving end, the receive antenna captures echo signals from
the surroundings as well as communication signals from uplink users.



Due to the inherent characteristics of full-duplex systems, the receive
antenna also picks up signals transmitted by its own system, leading to
self-interference. These signals are �irst ampli�ied by a low-noise
ampli�ier (LNA) and then converted into digital signals by an analog-to-
digital converter (ADC). Initial self-interference mitigation is conducted
through antenna and RF domain techniques, including optimized
antenna design and adjustments at the RF frontend. In the digital
domain, the signal processing module further processes these signals,
employing digital domain techniques to alleviate the effects of self-
interference and ensuring the clarity and reliability of received signals.
Collectively, these measures ensure the effective reception and
processing of signals, supporting the continuity and stability of full-
duplex communications.

3.2	 FD	SI	Signal	Model
SI signal model is the basis for understanding and eliminating SI. An
accurate model that characterizes the SI signal, including its amplitude,
phase, and frequency characteristics, is essential for designing the
appropriate cancellation algorithms. SI in FD-ISAC systems is mainly
classi�ied into linear and nonlinear components, and in order to
adequately suppress SI, the SI signal model must be suf�iciently
accurate to characterize the variations that the transmitted signal
undergoes in the transceiver, including the changes introduced by the
wireless multipath propagation nonlinear components introduced by
the channel and transceiver link, etc. The SI signal is modeled as
follows:

3.2.1	 Linear	Signal	Model
Linear SI is formulated as a non-causal linear function of the

baseband transmit signal. This primarily takes into account the impact
of the multipath channel, which encompasses all the paths from the
transmitter to the receiver, including the dominant close-in LoS path as



well as various re�lected and scattered paths. The linear signal model
for SI is represented as [1]

(3.1)

where x[n] is the baseband transmit signal, hm is the unknown
coef�icient of the signal model, and M denotes the number of memory
taps. However, due to the inherent limitations of linear models in fully
characterizing the constituents of SI, it becomes imperative to extend
the model to include nonlinear components.

Lessons Learned : The linear model offers low computational
complexity yet fails to characterize nonlinear components, rendering it
applicable only in idealized channel scenarios.

3.2.2	 Nonlinear	Signal	Model
In full-duplex communication systems, the sources of nonlinear self-

interference include multipath effects, power ampli�iers, mixers, and
low noise ampli�iers, among others. Multipath effects occur when
signals encounter obstacles such as buildings or terrain, leading to
re�lections, refractions, and scattering. This can cause changes in the
phase and amplitude of signals at the receiver, introducing nonlinear
distortion. Power ampli�iers boost the power of transmission signals,
but their nonlinear characteristics, such as saturation and compression,
can produce harmonic distortion. Mixers, serving as frequency
conversion devices, combine input signals with local oscillator signals
to produce the desired frequency signal, but their suboptimal
performance can lead to additional interference and distortion. Low
noise ampli�iers are used to amplify weak received signals; although
designed to be low-noise, their nonlinear ampli�ication at high gains
can also introduce distortion. The interaction of these components
increases the complexity of self-interference in full-duplex systems,
posing greater challenges for modeling full-duplex nonlinear self-
interference and designing interference cancellation systems.

yLIN[n] = ∑M−1
m=0 hmx[n − m]

–



Existing models of nonlinear self-interference in full-duplex systems
are depicted as shown in Fig. 3.2, with different models having varying
effects on suppressing types of nonlinear components. The following
will provide a detailed introduction to each model type. In model
construction, polynomial basis functions are primarily used to model
nonlinear components, reconstructing and canceling self-interference
signals based on the constructed models. Commonly, the approach
involves establishing a model between the system’s input and output
signals, treating the entire communication system as a black-box
system, necessitating the construction of complex basis functions. This
approach requires a nuanced understanding of the system’s dynamics
and the speci�ic nonlinearities involved to effectively mitigate self-
interference and enhance system performance.

Fig.	3.2 Nonlinear signal model

Volterra series model:

The Volterra series model [2] is a type of functional series that can
simulate the memory effects of signals as well as nonlinearities
introduced by components. It is widely recognized as one of the most
comprehensive models for representing nonlinear signals. The general
mathematical formulation of the Volterra series model is expressed as
follows:
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In the Volterra series model, x(n) represents the input signal to the
system, and y(n) denotes the nonlinear output. The coef�icients h
correspond to the weights associated with different basis functions, d
indicates the order of the Volterra series terms being considered, and D
represents the maximum nonlinearity order accounted for in the
model. L signi�ies the memory depth, which re�lects the input signal’s
memory delay.

This setup allows the model to account for how past and current
values of the input signal contribute to the output, capturing both the
immediate and delayed effects of the input on the output. The model’s
ability to incorporate multiple orders of nonlinearity and extensive
memory makes it exceptionally powerful for modeling complex systems
where interactions within the signal occur over extended periods.
However, the increase in model complexity with higher orders and
greater memory depths necessitates sophisticated computational
strategies to manage the exponentially growing number of parameters.

The Volterra series model comprehensively incorporates memory
characteristics and nonlinear features, accurately re�lecting complex
nonlinear dynamics and is widely recognized as a classical modeling
method [2]. Particularly in the modeling of power ampli�iers, the
Volterra series model provides a solid theoretical foundation,
facilitating its subsequent application in related devices [3]. For
instance, the application of the Volterra series model in power
ampli�iers has been proven particularly effective in suppressing
nonlinearity, effectively compensating for nonlinearities and IQ
imbalances introduced by power ampli�iers (PA) and low noise
ampli�iers (LNA). It has been reported that using the Volterra model for
digital domain self-interference cancellation in a single antenna system
can signi�icantly enhance performance, improving cancellation
capabilities by 20 dB compared to traditional linear methods [4].
Additionally, a study [5] utilized a Volterra signal model with sparse
memory to model residual self-interference and employed the
Recursive Least Squares (RLS) method for cancellation. This approach
signi�icantly reduces computational costs while simulating longer



delays and other memory effects, demonstrating superior processing
capabilities compared to other models. Despite the Volterra series
model’s excellent capability in nonlinear signal modeling, its high
computational complexity remains a signi�icant challenge in
engineering implementation.

In practical applications, since even-order components of signals
are easily �iltered out, the Volterra series is typically represented as a
combination of odd orders. While the Volterra series can effectively
represent power ampli�iers under the in�luence of memory effects and
multi-order nonlinearity, the model’s high complexity limits its
practical engineering implementation. Therefore, it becomes necessary
to appropriately modify the signal model based on the input signals,
application scenarios, and channel conditions to reduce computational
demands and enhance the feasibility of engineering implementation.

If only the diagonal terms are retained in the Volterra series and the
in�luence of the orthogonal terms is ignored, the series can be
expressed as a Hammerstein model. The Hammerstein model is a form
of �ilter cascade that combines a �ilter representing memory effects
with a power series model representing nonlinearity. This model
simpli�ies the expression of the Volterra series. The mathematical
model is as follows.

This con�iguration effectively reduces the complexity of the full
Volterra series by focusing on a single nonlinear function following a
linear memory system, which makes the Hammerstein model
particularly useful for applications where the nonlinearity is
predominantly concentrated after a linear dynamic effect.

Reference [6] details an iterative method for identifying nonlinear
systems from noisy input and output samples, tailored speci�ically for
the Hammerstein model. This model incorporates a memoryless
polynomial and a linear system, and iteratively adjusts the parameters
of the linear system’s transfer function and the polynomial’s nonlinear
coef�icients to minimize mean square error. This approach has been
effectively applied to estimate the channel responses of all nonlinear
basis functions [7], successfully addressing nonlinear issues caused by



IQ imbalance and power ampli�ier (PA) distortion. According to
experimental results published in [8], this method achieved up to 46 dB
of digital domain cancellation performance at a central frequency of
2.46 GHz and a bandwidth of 20 MHz. Furthermore, Ref. [9] proposed a
Parallel Hammerstein (PH) structure for processing signals, which
demonstrated superior cancellation effects under equivalent
transmission power conditions. Additionally, the PH structure can
independently address IQ imbalance and crosstalk issues in Multiple-
Input Multiple-Output (MIMO) systems [10]. Despite the Hammerstein
model’s effectiveness in nonlinear self-interference cancellation, the
multitude of highly correlated basis functions can potentially diminish
the cancellation performance.

Lessons Learned : Although capable of comprehensively
characterizing memory effects and high-order nonlinearities, the
Volterra series model suffers from exponentially growing parameters
with increasing orders, resulting in prohibitive implementation
complexity.

The Hammerstein model:

If only the diagonal terms are retained in the Volterra series and the
in�luence of the orthogonal terms is ignored, the series can be
expressed as a Hammerstein model. The Hammerstein model is a form
of �ilter cascade that combines a �ilter representing memory effects
with a power series model representing nonlinearity. The Structure of
the Hammerstein model is shown in Fig. 3.3. This model simpli�ies the
expression of the Volterra series, its mathematical model is as follows.

(3.3)
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Fig.	3.3 Structure of the Hammerstein model

This con�iguration effectively reduces the complexity of the full
Volterra series by focusing on a single nonlinear function following a
linear memory system, which makes the Hammerstein model
particularly useful for applications where the nonlinearity is
predominantly concentrated after a linear dynamic effect.

Reference [6] details an iterative method for identifying nonlinear
systems from noisy input and output samples, tailored speci�ically for
the Hammerstein model. This model incorporates a memoryless
polynomial and a linear system, and iteratively adjusts the parameters
of the linear system’s transfer function and the polynomial’s nonlinear
coef�icients to minimize mean square error. This approach has been
effectively applied to estimate the channel responses of all nonlinear
basis functions [7], successfully addressing nonlinear issues caused by
IQ imbalance and power ampli�ier (PA) distortion. According to
experimental results published in [8], this method achieved up to 46 dB
of digital domain cancellation performance at a central frequency of
2.46 GHz and a bandwidth of 20 MHz. Furthermore, Ref. [9] proposed a
Parallel Hammerstein (PH) structure for processing signals, which
demonstrated superior cancellation effects under equivalent
transmission power conditions. Additionally, the PH structure can
independently address IQ imbalance and crosstalk issues in Multiple-
Input Multiple-Output (MIMO) systems [10]. Despite the Hammerstein
model’s effectiveness in nonlinear self-interference cancellation, the
multitude of highly correlated basis functions can potentially diminish
the cancellation performance.

Lessons Learned : By cascading a linear �ilter with a power
series, the Hammerstein model reduces complexity, yet its highly
–



correlated basis functions may degrade interference cancellation
performance.

The Wiener model:

The Wiener model, as shown in Fig. 3.4, is a commonly used model
for describing memory nonlinear systems. It consists of a linear �ilter
and a power series model arranged in series, and can be considered a
simpli�ied form of the Volterra model. The linear �ilter component
captures the memory effects of the system, while the power series
model is employed to model the memoryless nonlinearities. Together,
these two components form the Wiener model, effectively integrating
the linear dynamic behavior with nonlinear transformations.

Fig.	3.4 Structure of the Wiener model

The mathematical expression of the Wiener model is as follows:

(3.4)

Lessons Learned : The Wiener model decoupled linear-nonlinear
structure enhances practicality, but its reliance on adaptive iterative
algorithms constrains operational �lexibility.

The Wiener and Hammerstein models are favored for their low
complexity and practicality in implementation, showing improved
performance compared to traditional nonlinear models. However, due
to their simplistic structures, achieving highly accurate �its for complex
nonlinear behaviors can be challenging. Some scholars have proposed
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solutions such as hybrid structures combining Wiener and
Hammerstein elements. This approach is advantageous because it can
capture the memory effects of the transmission channel before the
power ampli�ier (PA), thereby not only mitigating PA-induced nonlinear
distortions but also eliminating memory interference from the channel
itself. Research in [11] demonstrated signi�icant improvements in
signal-to-noise ratio on in-band full-duplex (IBFD) relay nodes with
various PA back-off levels through simulations. Moreover, this model is
also frequently employed for frequency domain identi�ication of
nonlinear models; reference [12] implemented spline interpolation
within this framework, proposing an effective digital predistortion
method to compensate for high-power ampli�iers, signi�icantly reducing
self-interference components and enhancing performance in self-
interference cancellation. Reference [13] explored frequency domain
identi�ication algorithms for the Wiener-Hammerstein nonlinear
model, employing polynomial functions or spline functions for
approximating nonlinearity. Reference [12] developed both Wiener and
Wiener-Hammerstein models using uniform spline interpolation as the
basic nonlinearity function, applying FIR �iltering to the linear blocks,
and derived a gradient descent-based adaptive algorithm. Compared to
polynomial models, these models reduce computational complexity by
68% and 53%, respectively. The Wiener model, however, requires
adaptive iterative algorithms for nonlinear self-interference
cancellation, which may limit its applicability.

Beyond these models, the Memory Polynomial (MP) and
Generalized Memory Polynomial (GMP) models should also be
considered. The Memory Polynomial model, a simpli�ication derived
from the Volterra model, primarily consists of tap delay lines and
polynomial functions. Reference [14] built a predistorter PA model
considering the memory effects of power ampli�iers and used the Least
Squares (LS) method for nonlinear self-interference cancellation,
validating the robustness of this method. Building on the MP model, the
addition of cross-memory terms allows for the development of the
Generalized Memory Polynomial model. Reference [15] utilized the



GMP model for digital baseband predistortion to compensate for
nonlinear effects, showing superior results compared to traditional
nonlinear models. However, the more complex structure of the GMP
model may increase the dif�iculty of processing in practical
applications.

3.3	 FD	SIC	Technologies		
The architecture of FD-ISAC with three-domain cascade SIC is
illustrated in Fig. 3.1. In practical FD-ISAC, combining with ASIC, RFSIC
and DSIC technologies, the SI can be suf�iciently eliminated to near the
noise �loor [16]. To be more speci�ic, ASIC is achieved by isolating the
transmit signal from the receive signal, while RFSIC and DSIC is
achieved by accurately rebuilding a copy of SI and subtracting it from
the received signal before and after the analog-to-digital converter
(ADC), respectively. Importantly, compared with traditional FD
communication system, the maximum delay of the TAPs in both RFSIC
and DSIC needs to be limited to retain the components re�lected from
the environment or target [17]. In the following, the aforementioned
SIC techniques will be investigated, as depicted in Fig. 3.5.

Fig.	3.5 FD SIC techniques

3.3.1	 Antenna	Domain	SIC
(a)	Passive	ASIC:  Passive ASIC leverages the inherent characteristics

of antennas by designing their structure and layout to minimize the
mutual in�luence between antennas, thereby increasing the isolation



between them. Existing ASIC schemes are shown in Fig. 3.6 and
summarized as follow.

Fig.	3.6 Existing ASIC schemes

Antenna	Separation: The path loss is increased by increasing the
distance between the transceiver antennas or introducing isolation
devices between them [18–20]. This method is simple to implement,
but it has certain limitations, particularly in compact devices where
achieving high levels of antenna isolation can be challenging due to
space constraints.
Antenna	Cancellation: This method employs two transmit antennas
and one receive antenna, strategically positioned to create a null in
the interference pattern at the location of receive antenna. The
transmitting antenna is placed in the distances D and D + λ/2 from
the receiving antenna, where λ is the wavelength [21]. By adjusting
the antenna distances, a phase difference of 180∘ is induced between
the two transmitted signals at the receive antenna, resulting in
destructive SIC.



Directional	Antennas: The directional approach minimizes the
overlap of the radiation beams in space. The isolation between
antennas can be further enhanced by applying a speci�ied �ixed beam
spacing, such as transmitting and receiving signals in opposite
directions [22].
Circulator: The non-reciprocal characteristic of circulators can
provide a certain level of isolation for the transmit and receive links.
A circulator typically has three ports that connect the transmit link,
the antenna and the receive link. The transmit link signal enters the
antenna through the circulator and is transmitted, and signals
received by the antenna is coupled into the receive link [23].
Cross-Polarization: The transmitting and receiving antennas use
orthogonal polarization to achieve SI suppression in the spatial
domain. When the polarization of the transmit and receive antennas
is orthogonal, theoretically the receive antenna will not receive
signals from the transmit antenna, resulting in in�inite isolation [24].
The simplest way to implement dual-polarized antennas is to place
two identical radiating elements perpendicularly to each other. The
symmetry of the two polarizations allows for lower port coupling,
thereby enhancing SI suppression capability [25, 26].

(b)	Active	ASIC:  Different from passive ASIC, active ASIC technology rely
on tuning impedance or matching components in the antenna coupling
network or controlling equipment. In addition, when there are multiple
transmitting antennas, transmitters, and associated degrees of freedom,
the beam direction of the antennas can be adjusted to �lexibly tailor the
SIC to the actual situation. These active ASIC techniques are described
in more detail within this section.

Electrical-balance	Duplexer	(EBD):	An EBD consists of a hybrid
transformer and a balanced network, forming a lossless, reciprocal
four-port system designed to isolate opposing ports. Assuming all
ports are connected with matched loads, an input signal at any port
will be transmitted to the adjacent two ports without coupling to the
opposite port. This isolation property makes the EBD suitable for



isolating transmit and receive signals in FD-ISAC systems with the
advantages of compact size, high linearity and low insertion loss [27,
28]. Minor variations in antenna impedance can signi�icantly impact
the SIC performance. To address changes in antenna impedance,
optimization algorithms such as adaptive �iltering should be explored
to enable the EBD to optimally match the network impedance. In
2019, [29] optimized the EBD matching network impedance using
the Particle Swarm Optimizer (PSO) algorithm and applied the
optimization scheme to the FD-ISAC architecture. However, the
system operated at Sub-6 GHz frequencies with limited bandwidth
and focused solely on speed measurement, neglecting distance
measurement and higher frequency bands such as millimeter waves.
In 2021, [30] implemented a FD-ISAC transceiver architecture using
a USRP board with FPGA, achieving real-time optimization of the EBD
matching network impedance based on DLS algorithm within 0.125
ms. However, similar to [29, 30] also faced limitations in terms of
frequency range, bandwidth, and distance measurement capability.
Beamforming:	Joint beamforming at the transmitter and receiver
aligns the null of the transmit antenna with the main lobe of the
receive antenna, realizing the dual function of communication and
sensing by reasonably allocating beam resources. This approach
leverages the directivity of the beam to separate the SI from the
desired signal, thereby mitigating interference and enhancing system
performance. For MIMO systems, [31] proposed a novel framework
for the joint optimization design of A/D transmit and receive
beamformers as well as SIC. The goal is to �ind the digital
beamforming matrix and the SIC matrix to maximize the achievable
downlink rate and the accuracy of radar target sensing performance,
while suppressing the SI signal power below the RF saturation level.
Speci�ically, for the mmWave channel model, the proposed FD-ISAC
system is able to estimate the relative velocities of all six targets with
an estimation error of less than 1.5%. Reference [17] also discusses
the joint design of transmit and receive beamformers at the
transceiver to optimize the following objectives. Firstly, maximize the



uplink and downlink communication rates. After that, maximize the
transmit and receive radar beam pattern power at the target. Finally,
suppress residual SI. An iterative algorithm based on penalty is
proposed, which can effectively achieve up to 60 dB of SI
suppression. Lessons Learned : Single-antenna ASIC
architectures enable compact systems with simpli�ied
implementation. However, limited isolation (< 30 dB) between
transmit/receive paths persists in both EBD and circulators due to
impedance mismatches, making optimized matching a critical
challenge.

3.3.2	 RF	Domain	SIC
RFSIC is frequently employed for suppressing SI before the

receiver’s input, so as to prevent saturation of ADCs. In particular,
multi-taps RF canceller design has been proved to be the most effective
way to suppress multipath SI, where each TAP include a �ixed delay line,
a attenuator and a PS. Moreover, vector modulators (VMs) can
substitute attenuators and PSs to adjust both the arbitrary amplitude
and phase, which can effectively reduce hardware complexity. In [23], a
3-TAP VM-based RF canceller was proposed for FD-ISAC device. A
gradient-based learning algorithm was also designed to tune the
weights of VMs, which can achieve more than 50 dB RF cancellation.
Importantly, compared with existing RFSIC canceller, [23] only
eliminates SI within 1.5 m, while retaining re�lected echoes beyond
1.5 m. Similar to [29], the frequency band considered in [23] is also
Sub-6 GHz, with a relatively small bandwidth.

Lessons Learned : RF cancellers face a hardware-complexity-
versus-cancellation-performance trade-off. Multi-Tap designs demand
more taps for enhanced cancellation, yet incur increased circuit
complexity and scale. Thus, cost-effective RF cancellers with high
cancellation capability require further research.

3.3.3	 Digital	Domain	SIC

–

–



Due to the limitations in device performance and engineering
techniques, ASIC and RFSIC often struggle to reduce the SI to the noise
�loor level. Therefore, it is necessary to further eliminate the residual SI
signals after the ADC through DSIC to further reduce the SI power [32].
The core idea of DSIC is similar to that of the RFSIC, which involves
reconstructing a cancellation signal to suppress SI. Typically, the
baseband transmit signal of the transmitter is used as a reference
source. Digital signal processing techniques are employed to estimate
the parameters of the SI channel and then reconstruct the SI signal.
Common DSIC techniques in FD-ISAC systems include two types: SI
estimation and reconstruction, and adaptive �iltering.

(a)	SI	Estimation	and	Reconstruction: The DSIC method based on SI
estimation and reconstruction utilizes the baseband digital signal from
the local transmitter and the received SI signal to estimate the SI
channel. After reconstructing the SI in the digital-domain, it is
subtracted from the received signal to suppress the SI.

In 2019, [29] implemented a DSIC module on a �ield-programmable
gate array (FPGA) that models the multipath channel and hardware
non-ideal factors, estimating the intended received signal and its
re�lection. These estimated signals are subtracted from the baseband
received signal to obtain the remaining perceptual SI signal. In 2020,
[30] enhanced the modeling of SI by incorporating a Hammerstein
model for static nonlinearity and utilized an adaptive linear �ilter to
track the linear components of the SI signals. The Least Mean Square
(LMS) optimization algorithm was employed to dynamically update the
parameters of both the Hammerstein model and the adaptive �ilter. In
2024, [33] extended the research to the mmWave (30 GHz), deriving a
more accurate tapped channel model to characterize nonlinear SI by
considering fractional delays. A nonlinear SIC suitable for beam
tracking was proposed, achieving approximately 28 dB cancellation.

(b)	Adaptive	Filtering:  This method utilizes the baseband transmit
signal to obtain a SI reference signal through adaptive �iltering. It
calculates the error between the SI reference signal and the actual
received signal, iteratively updating the �ilter coef�icients using adaptive



algorithms such as LMS and Recursive Least Squares (RLS) to minimize
the error signal, ensuring effective SIC.

In 2019, [23] employed a novel self-orthogonal learning rule to
dynamically estimate the parameters of the adaptive �ilter, thus
avoiding explicit basis function orthogonalization and signi�icantly
reducing the computational complexity of the digital-domain
parameter estimation algorithm. The results indicated that after
employing three-domain cancellation, the dynamic range of perception
could be increased enabling the detection of static and dynamic targets
at a distance of 40 m, with a distance estimation accuracy of 1m and a
target detection probability exceeding 90%. In 2020, [35] proposed a
design method for DSIC based on adaptive �ilters and implemented it
with Matlab software with poor real-time performance. In 2021, [34]
designed a 28-taps adaptive �ilter in the digital-domain, utilizing LMS
algorithm to update the tap coef�icients in real-time. The DSIC
algorithm, which was implemented in Matlab software as [35] was
ported to an FPGA hardware platform, leading to the design and
realization of an ISAC prototype. With a bandwidth of 40 MHz, the
system was capable of achieving approximately 40 dB of RFSIC and
30 dB of DSIC. Additionally, building upon velocity measurement
capabilities, the system incorporated distance measurement
functionality, enabling the detection of moving targets within the range
of 5–25 m.

(c)	Intelligent	methods: Intelligent methods primarily leverage
arti�icial intelligence technologies to train and eliminate digital domain
nonlinear self-interference components, with machine learning being a
mainstream approach that has garnered widespread attention in
academia. Deep learning (DL), a signi�icant branch of machine learning,
consists of multiple layers that can process and abstract nonlinear
information at various levels, extracting effective feature functions from
data models. The foundational architecture of deep learning is the
arti�icial neural network (ANN).

Deep learning network architectures can be categorized into three
types: Deep Feedforward Networks (DFN), Convolutional Neural



Networks (CNN), and Recurrent Neural Networks (RNN). These
networks are capable of modeling and analyzing unknown systems
based on training data, making them suitable for characterizing
complex system models. This advantage also facilitates their
application in complex communication systems. As traditional
communication algorithms have matured with increasingly limited
scope for enhancement, deep learning offers new avenues for
innovation. However, the complexity of deep learning techniques still
needs to be reduced to levels acceptable for practical communication
systems. Reference [36] introduced a real-time nonlinear self-
interference cancellation scheme, where the self-interference channel is
modeled by a deep feedforward neural network. This study
demonstrated the feasibility of applying neural networks for full-duplex
digital domain self-interference suppression, achieving 17 dB of digital
cancellation with an average bit error rate of 8.5%. Experiments in
Ref. [37] showed that when implementing dedicated integrated circuits,
the hardware ef�iciency was 81% higher than that of memory
polynomial model suppression schemes.

Reference [38] proposed a nonlinear SI cancellation method using a
DFN network to construct the nonlinear part of the digital cancellation
signal, veri�ied with hardware measurements. The results indicated
that the cancellation performance of the neural network-based method
was equivalent to that of traditional polynomial-based methods, but
with 36% fewer multiplications required and no need to compute any
nonlinear basis functions.

Reference [39] studied various neural networks and compared their
computational requirements with traditional methods. The �indings
revealed that at the same level of self-interference cancellation, such as
44 dB, RNN required 30.5% fewer �loating-point operations than the
polynomial model.

Reference [40] presented the concept of deep unfolding to model
cascaded RF nonlinear systems. By using backpropagation to adjust
complex-value parameters, this approach models a full-duplex self-
interference cancellation system with IQ imbalance and PA



nonlinearity. By using appropriate nonlinear models for each
nonlinearity and cascading them, the overall model is simpli�ied. For
about 44.5 dB of self-interference cancellation performance, the
number of model parameters could be reduced by 74%, and the
number of operations per sample could be decreased by 79%
compared to the extended linear parameter polynomial model.

In conclusion, Intelligent methods are still in the exploratory stage,
and although they are capable of model parameter simpli�ication, the
elimination results are heavily dependent on the data quality of the
training sequences and cannot be adaptively eliminated according to
channel variations, so they have not yet been applied on a large scale.

Lessons Learned : Existing closed-form estimators for SI
channel parameters exhibit limited adaptability in dynamic
environments, while iterative alternatives remain vulnerable to
suboptimal convergence due to initialization dependencies. Future
research should focus on robust estimation frameworks that jointly
optimize dynamic tracking stability and convergence robustness,
potentially leveraging cross-layer optimization between hardware
recon�igurability and algorithmic adaptability for real-time FD-ISAC
systems.

3.4	 Conclusion
In this chapter, we introduce the Full-Duplex (FD) system model,
including its architecture and self-interference (SI) models (covering
both linear and nonlinear characteristics). It further elaborates on
interference cancellation techniques across the antenna, radio
frequency (RF), and digital domains, laying a technical foundation for
subsequent FD integrated communication-sensing systems.
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Abstract
Compared to the traditional TDD mode, the FD mode is more suitable for
ISAC systems since it allows simultaneous transmission and reception of
signals (including both echoes and communication signals). Under the FD-
ISAC framework, a completely new receiver signal �low needs to be
designed to handle complex receiver signals. In FD-IBFD, the processing for
communication signals is the same as the FD chapter process, and the radar
echo signal is regarded as the self-interference signal for elimination. While
the separation of the echo signal from the self-interference signal is the key

https://doi.org/10.1007/978-981-92-0470-0_4
mailto:c.du@bit.edu.cn
mailto:zhangzs@bit.edu.cn
mailto:an@bit.edu.cn
mailto:3120235881@bit.edu.cn


to realize the accurate reception and processing of the sensed signal. And
then the extracted echo signals are then subjected to signal processing to
obtain sensing information.

4.1	 FD-ISAC	System	Model
The conventional single-base station ISAC scheme adopts time-division
duplex (TDD) mode to implement the transmission of ISAC signals and the
reception of echoes. Compared with ISAC in full-duplex (FD) mode, as
shown in Fig. 4.1, TDD mode has the following shortcomings in
communication and sensing performance respectively.

Communication performance: The TDD-based ISAC framework needs to
reserve time slots for echo signal reception after downlink signal
transmission, which inevitably increases the channel occupancy time.
This time allocation loss reduces the system throughput and introduces
additional communication delay.
Sensing performance: Compared to radar pulses, a communication-
centric ISAC system transmits downlink ISAC signals continuously over a
relatively long period of time. With TDD mode, it will not be able to
receive the echo signals from nearby targets during transmission, thus
creating an obvious sensing blind zone in short-range sensing scenarios.

Fig.	4.1 TDD verses FD ISAC signal transmitting and receiving diagram



Therefore, the integrated signal transmission and echo reception based
on the FD mode will simultaneously improve the communication and
sensing performance of ISAC. However, FD-ISAC exists a great challenge
which is the extraction of echo signals and the elimination of SI signals. This
SI comprises two dominant components: (a) direct leakage interference,
accounting for the largest power contribution due to insuf�icient antenna
isolation between adjacent transceivers, and (b) multipath-re�lected
interference caused by the echo interference re�lected from scatterers in the
environment. The receiver consequently observes a mixture signal
containing both target echoes and SI components, necessitating a
fundamental redesign of signal processing procedure compared to
conventional TDD-ISAC systems.

We consider a FD-ISAC system, the downlink transmitted signal is an
ISAC signal, which is used to convey information to downlink users and to
perform sensing tasks for target detection. In practical scenarios, due to the
close proximity of the transmit and receive antennas, the transmitted signal
is also received by the receiving antenna at the same node, resulting in SI
signals. This means that the FD BS receives a mixed signal that contains the
SI and echo signals from the target. The signal received at the FD BS can be
expressed as

(4.1)

where ys[n] = hsx[n] is the echo signal re�lected by the target, 
ysi[n] = hsix[n] refers to the SI signal, and zr[n] is the additive white
Gaussian noise.

As mentioned in the previous section, the high-power SI signals due to
the short transmission distance, which will cause the analog-to-digital
converter (ADC) saturation at the receiver and fail to detect the echo signals
correctly. Therefore, the design of Self-Interference Cancellation (SIC) is
especially critical for FD-ISAC. However, for FD-ISAC systems with sensing
performance, the hardware design and algorithm implementation cannot
completely reuse the existing communication FD SIC method, but need to
speci�ically design FD SIC hardware and software solutions for the
characteristics of ISAC, which can retain or reconstruct the target echo

y[n] = ys[n] + ysi[n] + zr[n] = hsx[n]

Echo signal

+ hsix[n]

SI

+ zr[n]���� ������



signal. Therefore, a reasonable design for the integrated RF transceiver
architecture as well as key technical challenges such as SIC and echo signal
extraction within the integrated system, must be addressed [1].

4.2	 FD-ISAC	Signal	Processing	Flow
When sending communication data, the FD-ISAC system needs to
simultaneously detect the echo signals of its own transmitted signals hitting
the target, so as to realize the function of wireless sensing. The SI and echo
signals are received simultaneously, as shown in Fig. 4.2.

Fig.	4.2 FD-ISAC receiving signal diagram

In traditional FD communication systems, target echo signals inherently
manifest as multipath self-interference components, so the traditional SIC
algorithm is ineffective for ISAC applications. Consequently, a novel signal
processing framework is required to separate and extract target echoes
from multipath interference while preserving sensing functionality.
Therefore, the received signal processing �low of FD-ISAC is divided into the
following steps:

Step 1. Spatial-Domain Interference Mitigation: Direct-path interference
is attenuated via spatial isolation techniques, leveraging antenna
con�iguration and beamforming strategies to reduce interference power
at the receiver front-end.



Step 2. Analog-Domain Interference Mitigation: Residual direct-path
interference is further suppressed using analog cancellation circuits,
ensuring the aggregate interference remains below the receiver ADC’s
saturation threshold.
Step 3. Separation of Radar Echo and SI: The novel algorithm applicable
to ISAC disentangle target echoes from residual direct interference and
uncanceled multipath components, employing adaptive signal
decomposition and interference estimation techniques.
Step 4. Echo signal processing: process the extracted echo signal to
realize the perception function

The SIC mechanism in Steps 1 and 2 achieves self-interference
suppression through spatial-RF domain cascade, reducing received signal
power within the ADC quantization range as depicted in Fig. 4.3.

Fig.	4.3 FD-ISAC direct leakage interference cancellation schematic

Residual self-interference and target echoes are subsequently processed
by the receiver ADC. Since Chap.  3 comprehensively addresses SIC
algorithms in FD communication systems, this chapter refrains from
reiterating implementation details for these steps.

However, echo signal extraction in FD-ISAC systems presents unique
challenges compared to conventional FD communication. In traditional FD



systems, all received signals originating from the transmitter—including
direct antenna leakage and environmental re�lections are classi�ied as SI. In
contrast, FD-ISAC systems differentiate between two distinct components:
(a) Self-Interference: Direct transmitter-to-receiver leakage and multipath
re�lections from static environmental objects. (b) Useful Signals: Target-
re�lected echoes carrying sensing information.

This critical distinction necessitates specialized signal separation
strategies, as suppressing environmental multipath interference risks
attenuating target echoes. The subsequent sections focus on overcoming
this challenge through adaptive signal decomposition techniques that
preserve sensing �idelity while maintaining SI suppression ef�icacy.

4.3	 Separation	of	Target	Echo	and	SI
After employing three-domain SIC, the echo will be extracted from the
residual SI. In the following subsubsection, echo extraction method,
including based on independent component analysis (ICA) [2], multi-tap
analog domain cancellation [3], and Doppler-based dynamic target
extraction [4], will be investigated.

(1)	ICA-based	Method: This paper proposes a two-stage signal recovery
scheme for IBFD-ISAC systems. The �irst stage employs independent
component analysis (ICA) for SIC, where the mixed signal is modeled as 
Y = HS (H is the mixing matrix, S is the source signal). The demixing
matrix W  is used to separate the communication signal (SI) and the target
radar re�lection signal (RS), i.e., Ŷ = WY . The second stage detects the RS
delay via cross-correlation operations, segmenting the signal into three
parts to locate the peak in cross-correlation results for target distance
extraction. Simulation results show a clear peak in the second-segment
cross-correlation, verifying the effectiveness of delay detection. The output
signal-to-interference-plus-noise ratio (OSINR) is comparable to that of
conventional IBFD systems. When the delay exceeds a threshold, OSINR
deteriorates signi�icantly due to the disappearance of the cross-correlation
peak, indicating sensitivity to delay ranges.

ICA’s blind source separation effectively handles strong self-
interference; the two-stage approach integrates signal separation and target
parameter extraction. Cross-correlation improves delay detection accuracy



for target distance calculation. Relies on known preamble sequences for
data positioning, with unvalidated robustness to signal structure changes in
complex multipath environments. The iterative nature of ICA may introduce
computational latency, affecting real-time performance.

(2)	Multi-tap	analog	domain	cancellation: During the SIC process, by
setting the maximum time delay of the taps in RF-domain and the tap length
of the digital-domain adaptive �ilter, the echo corresponding to this time
delay that is outside a certain distance can be retained. [3] designed an RF-
domain multi-tap canceller, representing the signal after RF SIC as 
yRF(t) = rRF(t) − ŝRF(t), where rRF(t) denotes the input signal to the
receiver and ŝRF(t) denotes reconstructed signal. ŝRF(t) can be further
obtained as

(4.2)

where xRF (t) represents the output signal of the power ampli�ier, N
denotes the number of taps, τl signi�ies the RF delay of the l( tap, and αl

indicate the adjustable amplitude and phase values of the l-th vector
modulator, respectively. x0

RF(t) and χ90
RF(t) correspond to the in-phase and

quadrature components of the vector modulator. Taking the three-tap
example, in the design of the RF canceller, the maximum delay is set to 10ns,
which corresponds to an equivalent distance of 3m, preventing the
cancellation of any echoes from real targets beyond a distance of 1.5m.
Similarly, as for DSIC, the number of taps in the �ilter is directly related to
the detectable sensing distance. In the cited literature, the DSIC canceller
operates at a sampling rate of 240MHz, with the �ilter tap length set to 11,
corresponding to a minimum detectable distance of approximately 3m,
which matches the parameters of the RF canceller.

After separating the echoes from the SI signals in the received signals,
the subsequent steps of SIC, communication signal demodulation, and
�inally, sensing estimation can be carried out.

However, due to the limitation of the number of taps in the analog
domain, this paper can only realize the extraction of a limited number of
different path signals within a certain distance, and cannot distinguish
whether it is the multipath signal of the environment or the echo signal of
the target.

ŝRF(t) = ∑N
l=1 αl(cos (θl)x

0
RF(t − τl)− sin (θl)x

90
RF(t − τl))



(3)	Doppler-based	dynamic	target	extraction: The core principle of the
proposed Frequency-Domain Differential Interference Cancellation (F-
DIC) scheme is to leverage the time-invariance of static interference (direct
self-interference and multipath re�lections) across consecutive OFDM
symbols for interference cancellation and moving target echo extraction.
Static interference, generated by stationary objects, exhibits invariant
channel responses between adjacent OFDM symbols, i.e., the static channel
matrix satis�ies H S

n,m+1 = H S
n,m. For the received signal at the n-th

subcarrier and m-th symbol,

(4.3)

where HM
n,m is the moving target channel matrix, H S

n,m is the static
interference channel matrix, and Nn,m is the noise.

The differential operation

(4.4)

cancels the static interference term H S
n,mXn,m due to its time-invariance,

while retaining moving target signals whose channels HM
n,m change with

symbols due to Doppler shifts. Through recursive smoothing and mean
estimation, the output signal Rn,m = Ên,m is obtained with static
interference eliminated, achieving CSI-free interference cancellation. By
utilizing the frequency-domain processing of OFDM systems and differential
accumulation over Ns symbols, the method reduces computational
complexity while enhancing sensing performance effectively.

The proposed F-DIC scheme can detect targets with velocities in the
range 0m/s < speed ≤ 75m/s, where:

The maximum detectable velocity is 75 m/s, determined by the OFDM
subcarrier orthogonality constraint fD ≤ 0.2Δf (subcarrier spacing 
Δf = 60 kHz), calculated via vmax =

c⋅fD,max

2fc
 (fD,max = 12 kHz, carrier

frequency fc = 24 GHz).
The minimum detectable velocity is just above 0 m/s, the lower bound is

theoretically limited by velocity resolution (2.68 m/s), but practically

Rn,m = HM
n,mXn,m + H S

n,mXn,m + Nn,m,

Tn,m = Rn,m −
Xn,m

Xn,m+1
Rn,m+1,



depends on target power and noise. Static targets (v = 0 m/s) are fully
suppressed by F-DIC and undetectable.

The velocity resolution is 2.68 m/s, determined by the number of OFDM
symbols (Ns = 128) using the formula Δv = c

2NsTs
, re�lecting the system’s

ability to distinguish targets with different velocities.
The above three methods are existing techniques that can distinguish

between self-interfering signals and echo signals in FD-ISAC. The next
section will present in the aspect of sensing processing algorithms from the
target echo signals extracted in this section.

4.4	 Radar	Signal	Processing	Algorithms
In FD-ISAC systems, sensing estimation algorithms are employed to
estimate parameters such as distance and velocity after SIC. In the existed
researches, there are mainly four categories for sensing estimation, i.e., two
dimensional (2D)-DFT Periodogram, Subspace Spectral Analysis, Grid-
Based Compressed Sensing (CS) and Neural Networks, as shown in
Table 4.1.

Table	4.1 Comparison of sensing estimation algorithms in ISAC systems

Algorithm Estimated
parameters

Characteristics Limitations

Periodogram
techniques(e.g.,
2D	DFT)	[4–6]

Distance,
Velocity

Traditional approach, easy to
implement. Can be a starting point
for other algorithms.

Low resolution. Generally
requires a complete set of
continuous samples in all
domains, which may not always
be available

Subspace
method(e.g.,
MUSIC)	[7]

Distance,
Velocity,
DOA

High resolution, can estimate off—
grid parameters.

High complexity

Compressive
Sensing	on
Grid	[9–11]

Distance,
Velocity

Flexible, does not require
continuous sampling. Allows for
various recovery algorithms to
balance complexity and
performance.

Signi�icant performance
degradation when there are
many continuous parameter
paths

Deep	Learning
[13–15]

Distance,
Velocity

High resolution, robust for multi -
target estimation.

Requires a large amount of
training data, and training is
complex



4.4.1	 2D-DFT	Periodogram
The classical 2D-DFT is a widely used periodogram method in radar

systems. It provides a rough estimation of sensing parameters by combining
two of the following transformations: converting time-domain samples to
the frequency domain, converting spatial samples to the angle domain, and
converting phase samples to the Doppler frequency domain. Pure channel
information is extracted by computing the ratio between transmitted and
received symbols, thereby eliminating communication data:

(4.5)

where:

kr: Range-induced phase shift vector (frequency-dependent):

(4.6)

kd: Doppler-induced phase shift vector (time-dependent):

(4.7)

⊗: Kronecker product jointly representing range and Doppler effects

The channel information matrix s(m,n) undergoes dual Fourier
transformations:

1.
Row-wise	processing	(DFT): Applied per row (�ixed m, varying n) to
extract range information, where phase differences across subcarriers
re�lect target range.

 

2.
Column-wise	processing	(IDFT): Applied per column (�ixed n, varying
m) to extract Doppler information, where inter-symbol phase
variations indicate target velocity.

 

In [4], an OFDM-based ISAC system was proposed, where DFT is applied
to the received signal to obtain Doppler estimates and the IDFT is used for
delay estimation. However, since the estimation of distances and speeds are

s(m,n) =
x(m,n)
y(m,n) = H(m,n) ⋅ (kr ⊗ kd)m,n

kr = [e−j2πf1
2Rr
c , e−j2πf2

2Rr
c , ⋯ , e−j2πfN

2Rr
c ]

T

kd = [1, ej2πTOFDMfd,r , ⋯ , ej2π(M−1)TOFDMfd,r]



discrete, both of them are subject to quantization errors. To solve this issue,
in [5], rough expressions for ranging and velocity accuracy were derived
and two algorithms, Fractional Fourier Transform (FRFT) and phase
analysis, were proposed to reduce quantization noise. Moreover, in [6],
precision expressions for velocity estimation were proposed to further
improve the estimation accuracy.

However, the inherent since function tail in DFT leads to lower
resolution and continuous measurements in either the time or frequency
domain were required, which limits the application of 2D-DFT Periodogram.

4.4.2	 Subspace	Spectral	Analysis
Classic subspace-based spectral analysis techniques, such as multiple signal
classi�ication (MUSIC) and estimating signal parameter via rotational
invariance techniques (ESPRIT), allow for high-resolution estimation of
continuous-valued parameters [7]. Both methods rely on subspace
decomposition for localization, with MUSIC utilizing the noise subspace and
ESPRIT leveraging the signal subspace.

(1)	MUSIC	Algorithm: The fundamental principle of the MUSIC algorithm
involves performing eigen-decomposition on the covariance matrix of
received signal data to obtain the signal and noise subspaces. After that,
spatial spectral function was constructed based on the parameters of the
target source to estimate the Direction of Arrival (DOA). In [8], a 2D MUSIC
algorithm was proposed to yield higher resolution estimates in OFDM-ISAC
systems.

For MUSIC-based parameter estimation in OFDM-ISAC systems, consider
K far-�ield narrowband signals incident on an M-element Uniform Linear
Array (ULA). The received signal is modeled as:

(4.8)

where A(θ) = [a(θ1), ⋯ , a(θK)] ∈ CM×K  denotes the array manifold
matrix with steering vector a(θk) = [1, ej2πdsinθk/λ, ⋯ , ej2π(M−1)dsinθk/λ]

T

(element spacing d, wavelength λ, arrival angle θk), s(t) ∈ C
K×1 represents

the source signal vector, and n(t) ∈ CM×1 is additive white Gaussian noise.
The sample covariance matrix

(4.9)

x(t) = A(θ)s(t) + n(t),



where Rs = E[ssH ] and σ2 is the noise power.
Perform eigendecomposition on the covariance matrix R:

(4.10)

This partitions the space into: signal subspace Us ∈ C
M×K  (spanned by

large-eigenvalue eigenvectors) and noise subspace Un ∈ C
M×(M−K)

(spanned by small-eigenvalue eigenvectors), satisfying UH
s Un = 0.

The MUSIC spectrum

(4.11)

exhibits peaks at true AoAs θk where a(θk) ⊥ Un.
For Direction of Arrival (DoA) estimation, the spatial spectrum function

is constructed using echo signals received by different antenna array
elements. For range and velocity estimation, the channel information matrix
is �irst formulated according to the method in Sec.4.4.1. Subsequently, the
target’s range is estimated by exploiting phase differences across
subcarriers, while its velocity is determined through phase variations
between OFDM symbols. Speci�ically, processing the row and column
vectors of this channel information matrix enables the construction of
spatial spectrum functions, whose peak locations are then searched to
estimate the target’s range and velocity parameters.

(2)	ESPRIT	Algorithm:  ESPRIT algorithm divides a uniform array into
two overlapping sub-arrays, estimating the DOA of incoming signals
through the rotational invariance relationship between the two sub-arrays.
In [7], an ESPRIT algorithm for automatic pairing was proposed to achieve
super-resolution for distance and velocity estimation in in OFDM-ISAC
systems.

The deterministic signal components (cisoids) are separated from
stochastic noise by constructing time-shifted data matrices:

(4.12)

R̂ = 1
T
∑T

t=1 x(t)xH(t) = A(θ)RsA
H(θ) + σ2IM ,

R̂ = UsΛsU
H
s + UnΛnUH

n .

PMUSIC(θ) = 1/aH(θ)UnUH
n a(θ),

X = [ ], Y = [ ]x[0] x[1] ⋯ x[K − 2] x[1] x[2] ⋯ x[K − 1]



where X contains the �irst K − 1 samples and Y contains the last K − 1
samples.

Noise variance σ2 is estimated through the smallest eigenvalue of the
autocorrelation matrix:

(4.13)

Modi�ied covariance matrices are constructed to eliminate noise effects:

(4.14)

where I is the identity matrix and Z is the shift operator matrix.
The estimation methods for DoA, range, and velocity follow an identical

processing framework to the MUSIC approach described in Sect. 4.4.2.
Although subspace spectral analysis alleviates the limitations of spectral

leakage in DFT, higher computational complexity is required. Moreover, the
sensing accuracy of MUSIC depends on search granularity, and ESPRIT
generally requires evenly spaced samples. To achieve high resolution, both
methods often necessitate extensive sampling, which may not always be
feasible in certain domains, such as spatial, requiring a large number of
antennas.

4.4.3	 Compressive	Sensing
The CS technique transforms the parameter estimation problem into a

sparse signal recovery problem, which can be solved by various algorithms
such as convex relaxation, greedy algorithm and probabilistic inference.

Based on the on-grid CS technique the sensing parameters to be
estimated include delays, AOA, and Doppler across three distinct domains.
Given the relative independence of signals in these domains, they can be
represented as high-dimensional (3D) vectors, or even in tensor form,
enabling the application of 1D to 3D CS techniques in ISAC systems [9].

The three-dimensional received signal model is expressed as:
(4.15)

RXX = 1
K−1 XXH , σ2 = λmin(RXX)

CXX = RXX − σ2I

CXY = RXY − σ2Z (25)

L



where ϕℓ denotes AoA, θℓ represents AoD, and 
a(M, θ) = [1, ejπsinθ, ⋯ , ejπ(M−1)sinθ]

H  is the antenna array response
vector for an M-element array. Here, Arx is the receive antenna matrix, Atx

is the transmit antenna matrix, Cn is the delay diagonal matrix with
elements e−j2πnτℓf0 , Dt is the Doppler diagonal matrix with elements 
bℓe

j2πtfD,ℓTs , and zn,t is the additive noise matrix.
For 1D compressive sensing, stacking all subcarrier signals yields:

(4.16)

where W is the delay dictionary matrix with the ℓ-th column {e−j2πnτℓf0},
and Gt combines Doppler and receive antenna information.

Treating Yt as a grid-based Multiple Measurement Vector (MMV)
(Multiple Measurement Vector (MMV)) problem with delay-domain
sparsity:

(4.17)

where Ψ1 is a partial DFT delay dictionary approximating W, and Xt is the
sparse coef�icient matrix. Solved via 1D Sparse Bayesian CS algorithms, non-
zero element positions correspond to delays τℓ.

AoA estimation uses column-wise cross-correlation of Gt = DtA
T
rx:

(4.18)

where (Gt)⋅,p denotes the pth column of Gt.
Doppler estimation employs row-wise cross-correlation across multiple

DMRS signals:

(4.19)

where Nd is the number of OFDM blocks, and (Gt)ℓ,⋅ is the ℓ-th row.

Yn,t = ∑L
ℓ=1 bℓe

−j2πnτℓf0ej2πtfD,ℓTs ⋅ a(M2,ϕℓ)aT (M1, θℓ) + zn,t

= ArxCnDtA
T
tx + zn,t,

Yt = W ⋅ Gt + Zt, Gt = DtA
T
rx,

Yt = Ψ1 ⋅ Xt + Zt,

ϕℓ ≈ 1
π

∠(∑M2−1
p=1 (Gt)

∗
⋅,p(Gt)⋅,p+1),

fD,ℓ ≈ 1
2πTs

∠(∑Nd−1
t=1 (Gt)ℓ,⋅(Gt+1)∗

ℓ,⋅),



For 2D compressive sensing, we introduce delay dictionary Ψ1 and AoA
dictionary Ψ2 (both overcomplete DFT matrices):

(4.20)

where D′
t is an N1 × N2 sparse matrix (N1,N2: dictionary sizes). Solved

via 2D-OMP, non-zero elements (i, j) correspond to τi and ϕj.
Doppler estimation:

(4.21)

where D̂t is the estimated D′
t. Accuracy improves through multi-DMRS

signal averaging. Key advantage: resolves multipath with identical delays
but different AoAs, outperforming 1D CS.

For 3D compressive sensing, we combine multiple ISAC signals Yn,t into
3D tensor Y :

where ”∘” denotes Kronecker product, and X  is a 3D sparse coef�icient
tensor. Solved via Tensor-OMP, non-zero indices (i, j, k) correspond to 
τi,ϕj, fD,k.

Doppler dictionary properties: Due to small fD, Ψ3 uses highly
overcomplete DFT matrices (10–20× actual bandwidth) to capture �ine
frequency variations. However, computational complexity is extreme
(maintaining three dictionaries + tensor operations), and Doppler
estimation suffers from sensitivity to minor frequency shifts.

By stacking signals from the spatial domain and Doppler-frequency
domain, two Multiple Measurement Vector (MMV) CS problems can be
formed. Through MMV-CS amplitude estimation, AOA and Doppler
frequencies can be estimated effectively [9, 10].

Overall, grid-based CS algorithms show great promise in sensing
parameter estimation. However, quantization error poses a signi�icant
challenge, particularly for continuous-valued parameters, often resulting in
a mismatch between assumed and actual dictionaries, leading to degraded

Yt ≈ Ψ1 ⋅ D′
t ⋅ ΨT

2 ,

fD,ℓ ≈ 1
2πTs

∠(D̂tD̂
∗
t+1)

ℓ,ℓ
.

Y ≈ Ψ1 ∘ Ψ2 ∘ Ψ3 ⋅ X



performance—especially problematic when the number of unknown
variables is large [11].

A major advantage of CS for perceptual parameter estimation is that it
does not require consecutive samples. However, typical compressive
sensing techniques use a grid quantization dictionary, and the quantization
produces errors when the original parameters have continuous values.

4.4.4	 Deep	Learning
Complex ISAC scenarios—especially challenging indoor and urban

outdoor environments with rich data propagation—exhibit nonlinear
channel properties that defy conventional modeling [12]. This renders
traditional signal processing inadequate for joint communication-sensing
optimization. Deep learning methodologies address this gap by learning
representations of channel dynamics, environmental interactions, and
system uncertainties. Notable implementations include: a DNN-based
demodulator with YOLOv5-SORT tracking [13], model-driven block
processing networks [14], and dual-path NN architectures for THz-ISAC
[15].

In the presence of non-ideal effects such as Doppler shifts and phase
noise, ComNet has achieved superior Bit Error Rate (BER) performance
compared to existing DL methods and traditional detection approaches.
Extensive simulation results indicate that the proposed DL methods can
mutually enhance communication and sensing performance, demonstrating
robustness against Doppler effects, phase noise, and multi-target
estimation.

4.5	 Conclusion
In this chapter, we provided an overview of FD-ISAC, including the system
model and the signal processing �low. Speci�ically, we described the three
key steps for realizing FD-ISAC, i.e., SIC, echo signal extraction and radar
estimation. For the SIC technique, it can be detailed in the previous chapter.
For echo signal separation, we introduced three methods, namely ICA,
multi-tap analog domain cancellation, and Doppler-based dynamic target
extraction. For radar estimation, we explored four representative



techniques, including periodogram methods, subspace spectrum analysis,
CS and DL methods, as well as their characteristics and limitations.
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Recently, several hardware platforms have been proposed to validate
the feasibility of FD-ISAC systems. In the following subsections, we will
provide a comprehensive investigation of these hardware
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can be categorized into three domains: antenna-domain, RF-domain
and digital-domain, and their respective hardware implementations are
described. Moreover, the FD testbeds that integrate these three-domain
SIC techniques are also investigated, which can achieve more than
120 dB cancellation performance over 20 MHz bandwidth. Additionally,
we will explore the hardware platforms designed for FD sensing,
focusing on their ability to simultaneously perform sensing and
communication tasks in an ef�icient and integrated way. Through this
investigation, we aim to highlight the latest advancements in the
development of hardware solutions for FD-ISAC. However, it should be
noted that hardware implementations of FD-ISAC remain in the early
stages.

5.1	 Hardware	Implementation	of	FD	SIC
The hardware implementation of SIC has been widely carried out. As
discussed in Sect. 3. 3 and illustrated in Fig. 3. 5, there are mainly three
categories of SIC based on where signal cancellation occurs, i.e.,
antenna-domain SIC (ASIC), RF-domain SIC (RFSIC), and digital-domain
SIC (DSIC). In practical FD systems, the combination of ASIC, RFSIC and
DSIC can effectively suppress SI to a level close to the noise �loor. The
�irst step is to perform an ASIC scheme using a variety of antenna
techniques. After that, we can sequentially employ RFSIC and DSIC to
cancel residual SI.

5.1.1	 Hardware	Implementation	of	ASIC
Due to the high power of SI signal in FD terminals, it will overwhelm

the signal of interest and potentially exceed the dynamic range of the
ADC at the receiver [1, 2]. To mitigate these effects, it is essential to
employ ASIC technique as the �irst stage of defense against SI in FD
system. ASIC technology suppresses SI by physically isolating the
transmitting and receiving links, producing an equivalent SI-
attenuation effect. Moreover, ASIC plays an important role and accounts
for a large portion of SIC in existing FD designs[3]. As demonstrated in



[4], the total 85 dB of SIC was achieved in the FD design, and 65 dB was
attributed to the application of ASIC. In the following, single-antenna
and multiple-antenna ASIC techniques will be separately discussed in
detail.

(1)	Single-antenna	ASIC
The transmitting and receiving link of single-antenna FD devices can be
separated using isolation components such as circulators [5, 6] and
EBD [7, 8], etc. Circulators are a class of nonreciprocal components in
which the signal can only travel in one direction. In contrast, EBD
employs impedance balancing techniques through a hybrid transformer
structure and a tunable balancing network to achieve signal
cancellation at the receiver input. Hardware implementations of these
two single-antenna ASIC schemes will be discussed in detail in the
following part.

Circulator:	A three-port circulator can be used in the antenna
interface of FD systems to connect the Tx and the Rx to a single
antenna while isolating the two from each other. Circulators can be
implemented using magnetic technologies based on ferrite materials
and external magnetic �ields, or non-magnetic approaches employing
metamaterials, spatiotemporal modulation, or integrated circuits. In
[5], a magnetic circulator combined with a recon�igurable impedance
mismatched terminal (IMT) circuit was employed to cancel the
primary SI signals leaked from the Tx port to the Rx port by using the
inherent secondary SI signals at the circulator, as shown in Fig. 5.1.
The proposed design achieved more than 40 dB cancellation at
2.45 GHz over 65 MHz bandwidth. However, magnetic circulators are
often bulky, expensive, and dif�icult to integrate with modern CMOS-
compatible platforms. In [6], a non-magnetic, nonreciprocal
circulator-receiver architecture based on an N-path �ilter was
proposed, which combined a commutation-based linear periodically
timevarying non-magnetic circulator with a down-converting mixer
and directly provided the baseband RX signals at its output. The



proposed design achieved 40 dB average isolation at 0.61∼

0.975 GHz over 20 MHz radio RF bandwidth.

LessonsLearned : Magnetic circulators exhibit excellent isolation
performance and low insertion loss, but suffer from bulkiness, high
cost, and poor compatibility with modern CMOS-compatible platforms.
In contrast, non-magnetic circulators are more integration-friendly by
eliminating the need for ferrite materials and external magnetic
biasing. However, further improvements of the circulator’s linearity
performance, the TX power handling capability and improved balancing
schemes should be considered to provide a wider range of antenna
impedance mismatches.

Fig.	5.1 Single-antenna FD system integrated with the magnetic circulator and IMT circuit [5]

EBD:	The circuit of EBD exploits the electrical balancing of signals
within a hybrid junction and impedance matching network to achieve
high isolation between Tx and Rx port. When all ports of the hybrid
junction are properly impedance-matched, an input signal injected at
any port will be directed to the two adjacent ports without coupling
to the opposite port. EBD can be categorized into passive EBD and
active EBD. Passive EBD uses �ixed impedance networks with passive
components to maintain balance, while active EBD employs tunable
impedance and real-time feedback control to adapt to antenna

–



impedance variations. In [7], a passive EBD providing 44 dB/45 dB
isolation at 890 MHz/1890 MHz over 20 MHz bandwidth was
combined with an RF canceller to increase isolation to 83 dB of
combined EBD and RF cancellation. However, the practical antenna
impedance severely limits the cancellation bandwidth in the passive
balancing network. In [8], a hardware prototype compound EBD
combining both passive and active balancing techniques was
constructed, as illustrated in Fig. 5.2. The compound EBD achieved
higher cancellation performance of 81.5 dB at 1.9 GHz over 80MHz
bandwidth. The prototype system exhibited an approximately 15 dB
increase in noise �loor when employing active EBD compared to the
passive EBD; however, the compound EBD showed no additional
noise compared with the passive EBD.

LessonsLearned : EBD features a wide impedance tuning range,
enabling it to support wide-bandwidth signals and overcome the
narrow-band limitation of magnetic circulators. Based on a tunable
impedance network, it enables real-time adaptation to channel
variations, thereby enhancing the robustness of interference
suppression in dynamic environments. However, the core working
mechanism of EBD relies on real-time impedance matching, and its
dynamic impedance matching mechanism necessitates complex real-
time tuning algorithms.

–



Fig.	5.2 Hardware prototype with EBD combining passive and active cancellation techniques [8]

(2)	Multiple-antenna	ASIC
Multiple-antenna schemes improve isolation performance by
strategically designing and arranging antenna elements to suppress
mutual coupling effects. Beamforming [9, 10] and cross-polarization
[11–13] technologies are commonly employed to improve the physical
separation between the Tx and Rx antennas of multi-antenna FD
devices.

Beamforming:	Beamforming technique can be applied to FD
antenna arrays to manipulate their transmit and receive radiation
patterns, leveraging beam directivity to separate SI from the desired
signal. In [9], phased-array beamforming technique combined with
FD operation was presented to achieve SIC with minimal link budget



penalty and with no additional power consumption. Hardware
prototype with beamforming can be seen in Fig. 5.3a. The design can
provide 50 dB ASIC for +8.7 dBm OFDM-like signal at 0.73 GHz over 5
MHz bandwidth. In [10], a two-stage multichannel SIC system by
using transmission and receive beamforming sequentially was
presented, as shown in Fig. 5.3b. The experimental result showed
that the proposed method achieved 27 dB ASIC cancellation at 4.5
GHz over 20 MHz bandwidth with +12 dBm transmit power.

LessonsLearned : Beamforming can suppress SI signals in the
antenna domain through the directional radiation characteristics of
antenna arrays, and can be cascaded with DSIC to improve the overall
performance without relying on additional hardware resources.
However, it imposes extremely high requirements on the calibration
accuracy of antenna arrays and the real-time availability of channel
state information.

Fig.	5.3 a Hardware prototype with beamforming[9]. b System architecture and hardware
prototype with beamforming [10]

Cross-polarization:	Cross-polarization-based cancellation is an
additional mechanism for isolating the Tx and Rx antennas
electromagnetically. Polarization decoupling operates the transmit

–



and receive antennas with orthogonal horizontal and vertical
polarizations. In [11], an investigation of the wideband SI channel
characteristics of a 2×2 MIMO FD transceiver using cross-polarized
antennas was presented. In their design, cross-polarized antennas
were considered for compact size and high isolation by using comb-
corrugated Vivaldi ridges integrated in a circular horn. The cross-
polarized antennas can achieve > 45 dB cancellation at 2.45 GHz
over 500 MHz bandwidth with average +5 dBm transmitted power. In
[13], two cross-polarized microstrip patch antenna systems were
proposed, which were based on a single radiating element with 180∘

ring hybrid coupler for differential feeding. It illustrates the
fabricated prototypes of two cross-polarized microstrip patch
antennas. One of the implemented single-layer patch antennas
provided more than 67 dB isolation between Tx and Rx ports at
2.4 GHz while the second fabricated antenna with slot coupled Tx
port along with differential feeding for Rx operation provides more
than 90 dB RF isolation at 2.41 GHz. The vertical dimensions of both
antennas can be decreased by reducing the distance between
radiating patch and coupler; however, the additional mutual coupling
caused by close proximity may degrade the interport isolation.

LessonsLearned : Cross-polarization uses orthogonally polarized
antennas to suppress co-polarized SI signals without relying on
complex signal processing, which features relatively simple hardware
implementation. However, this approach exhibits high dependency on
polarization purity and is susceptible to environmental scattering and
polarization rotation, which cause polarization leakage and thus
degrade isolation performance.

In summary, Table 5.1 provides a performance comparison of
several published ASIC cancellers.

Table	5.1 Performance summary and comparison of ASIC technologies

SIC	method Work Frequency	(GHz) Bandwidth
(MHz)

Transmitted
power	(dbm)

Measured
cancellation
(DB)

–



SIC	method Work Frequency	(GHz) Bandwidth
(MHz)

Transmitted
power	(dbm)

Measured
cancellation
(DB)

Circulator [5] 2.45 65 18 40

Circulator [6] 0.61∼0.975 20 +8 40

EBD [7] 890 MHz/1890 MHz 20 +10 44/45

EBD [8] 1.9 80 – 81.5

Beamforming [9] 0.73 5 +8.7 50

Beamforming [10] 4.5 20 +12 27

Cross-
polarization

[11] 2.45 500 +5 45

Cross-
polarization

[13] 2.4 50 – 67

5.1.2	 Hardware	Implementation	of	RFSIC
RFSIC is commonly employed to mitigate SI at the RF front end,
preventing saturation of the analog-to-digital converters (ADC). By
performing cancellation at the RF stage, RFSIC alleviates the burden on
the ADC, allowing for enhanced dynamic range and improved signal
�idelity. The objective of RFSIC is to reconstruct an accurate copy of the
SI waveform and subtract it from the received signal in the RF domain,
thereby effectively reducing the SI. RFSIC techniques can be classi�ied
into two major types, i.e., the multi-tap and the digital-assisted
approaches.

(1)	Multi-tap	approach
The multi-tap approach couples the RF transmitted signal and

guides it through phase-amplitude adjustment circuits to rebuild the SI
signal as well as the transmitter noise. In particular, multi-taps RF
canceller design has been proved to be the most effective way to
suppress multipath SI [14–17]. However, the reconstruction process of
cancellation signals is a typical multi-dimensional optimization process
whose optimization complexity grows exponentially with the number
of TAPs. Therefore, designing a fast and stable convergence



optimization method is the key to achieving real-time and high-
precision RFSIC.

Fig.	5.4 a The four-tap RF canceller prototype [14]. b The two-tap RF canceller prototype[17]

The Gradient Descent (GD) mechanism is recognized as an effective
approach to solve the multi-dimensional optimization problems. Its
ef�icacy stems from its ability to ef�iciently navigate complex parameter
spaces by following the steepest descent direction of the objective
function. In [14], a 4-TAP RF canceller employing a modi�ied dithered
linear search (DLS) algorithm was designed, as shown in Fig. 5.4a.
Although the design exhibited non-negligible insertion loss, it was
intentionally implemented as a fully passive structure to help suppress
the uncorrelated noise and nonlinearities of the canceller circuit. The
approach can achieve 22dB RF cancellation for +20dBm OFDM signal at
2.45 GHz over 20 MHz bandwidth. However, it requires 500 iterations
and 500 μs convergence time.

Moreover, in [16], an 8-TAP RF canceller with an iterative algorithm
based on GD was proposed, which can achieve 38 RF cancellation at 2.4
GHz over 20 MHz bandwidth with +10 dBm average transmitted power,
requiring only 30 iterations to converge. Although the proposed
algorithm can theoretically converge to the global optimum, its
practical performance is still constrained by the resolution of the DAC
used for controlling the ampli�iers and phase shifters, and non-ideal
properties of analog devices.

Furthermore, in [17], a 2-TAP RF canceller with an adaptive tuning
approach called ATEGrad was proposed, as seen in Fig. 5.4b. The



algorithm dynamically adjusted its learning rate by utilizing a target-
error parameter and a gradient estimation that is gradually forgotten to
maximize cancellation with a minimal convergence time. In their
design, it can achieve 35.2 dB RF cancellation at 2.5 GHz over 20 MHz
bandwidth.

LessonsLearned : The multi-tap approach facilitates ef�icient
suppression of transmitter-induced noise, thereby enhancing SIC
performance. However, this technique incurs higher hardware
complexity, as it requires multiple adjustable amplitude-phase control
paths with independent delay lines.

(2)	Digital-assisted	approach
The digital-assisted approach extracts the transmitted signal in its

digital form and subsequently routes it through an auxiliary transmit
chain to reconstruct the RF SI signal[1]. Different from multi-tap
approach, where the number of taps and the resolution of phase and
amplitude adjustments are often constrained by hardware limitations,
digital assisted-tapping can dynamically adapt to varying channel
conditions and SI pro�iles with minimal hardware modi�ications.

In [18], a digital-assisted RF SIC architecture was proposed, as
shown in Fig. 5.5, which included an extra observation chain to capture
the nonlinear behavior of the transmitter, along with a nonlinear model
to reproduce its nonlinearity to further mitigate the nonlinear
components of the SI. Their canceller demonstrated the capability to
achieve 41 dB RF cancellation on a 20 MHz LTE signal with +31 dBm
average transmitted power, while linear methods can only achieve 32
dB RF cancellation.

Moreover, in [19], a digital-tapping canceller with a novel block
based on least mean squares(LMS) algorithm was considered, along
with a closed-loop parameter learning approach based on the
decorrelation learning rule, which enabled ef�icient estimation of the
coef�icients of the nonlinear cancellation �ilter. The proposed design can
achieve 54dB RF cancellation at 2.14 GHz over 20 MHz bandwidth with
average +30 dBm transmit power.

–



Furthermore, [20] proposed a new �ilter LMS algorithm for digital-
tapping canceller, along with a novel orthogonalization procedure for
nonlinear basis functions. The design can provide 48 dB RF cancellation
at 2.4 GHz over 18MHz bandwidth with average +8 dBm transmitted
power, suppressing the residual SI to within 2 dB above the noise �loor.
However, it is worth noting that the cancellation of non-ideal effects
such as phase noise has not been carried out in their work. In the
design of the digitally-assisted RFSIC, it is crucial to take into account
the effects of the auxiliary chains. SI cancellation using an auxiliary Tx
may be constrained by phase noise differences between the main and
the auxiliary Tx chain, as demonstrated in prior work [21]. Thus, the
nonlinear distortions introduced by the auxiliary Tx chain may have to
be considered to further improve the cancellation performance.

Fig.	5.5 Block diagram and photograph of the testbed designed for digital-assisted RFSIC
veri�ications [18]

LessonsLearned : In digital-assisted approach, delay and
attenuation adjustments as well as arbitrary number of TAPs can be
seamlessly implemented in the digital domain, offering greater
�lexibility and precision in controlling the cancellation process.
However, this approach faces limitations in canceling transmitter noise
effectively because the random noise components of the primary and
auxiliary transmit chains are statistically independent. As a result, the
auxiliary signal cannot accurately replicate and subtract the transmitter
noise, leaving residual interference in the system.

–



In summary, Table 5.2 describes the performance of several
published RFSIC cancellers.

Table	5.2 Performance Summary and Comparison of RFSIC technologies

SIC	method Work Frequency
(GHz)

Bandwidth
(MHz)

Transmitted
power	(dBm)

Measured
cancellation	(dB)

Multi-tap
approach

[14] 2.45 20 +20 22

Multi-tap
approach

[16] 2.45 20 +10 38

Multi-tap
approach

[17] 2.5 20 – 35.2

Digital-assisted
approach

[18] – 20 +31 41

Digital-assisted
approach

[19] 2.14 20 +30 54

Digital-assisted
approach

[20] 2.4 18 +8 48

5.1.3	 Hardware	Implementation	of	DSIC
The last stage of SI cancellation is performed in the digital-domain,
aiming to suppress the remaining SI from the received signal, and in the
best case, to reduce it below the noise �loor. Basically, the estimated
residual SI is subtracted from the received signal in the digital domain
[4]. Working in the digital-domain offers signi�icant implementation
advantages that sophisticated processing becomes relatively easy
through the use of advanced digital signal processing (DSP) techniques
[22]. In general, DSIC techniques include two types: channel estimation
and adaptive �ilter.

(1)	Channel	estimation
For the channel estimation method, �irstly, the near-end transmit signal
is coupled as the feedback signal, and the channel estimation is
performed by some algorithms between the feedback signal and the
received signal. After obtaining the SI channel estimation weights, the



feedback signal will be multiplied with the estimation weights to
reconstruct the SI signal, and subtract the copy of SI signal from the
received signal to suppression SI.

The least squares (LS) estimator has been commonly adopted for
acquiring linear and nonlinear SI channel parameters. For instance, in
[23], a digital canceller was proposed to jointly suppress both linear
and non-linear SI, in which an ef�icient LS parameter estimator was
designed to cancel linear components. Experimental validation
demonstrated that the proposed DSIC scheme achieved approximately
38 dB cancellation at 2.45 GHz over 20 MHz bandwidth with +20 dBm
transmitted power. Moreover, in [24], three alternative monostatic
antennas con�igurations exhibiting high levels of ASIC were integrated
with a linear DSIC algorithm based on the LS method. A time-domain LS
estimation technique was utilized to estimate the SI channel
parameters, as shown in Fig. 5.6a. The DSIC scheme was implemented
on a WARP v3 platform, which can achieve 28 dB DSIC at 2.4 GHz over
20 MHz bandwidth with average +15 dBm transmitted power.
Furthermore, in [25], a frequency-domain LS estimation method was
proposed to cancel linear SI in OFDM system, as shown in Fig. 5.6b. The
design maintained effective cancellation performance and reduced the
complexity cost of 61% compared to conventional time-domain LS
estimation, which can achieve 26.6 dB DSIC at 2.4 GHz over 20 MHz
bandwidth with average +4.3 dBm transmitted power.



Fig.	5.6 a Time-domain LS estimation technique[24]. b Frequency-domain LS estimation
technique [25]

LessonsLearned : Channel estimation method such as the LS
estimator offers a closed-form solution for estimating the SI channel
parameters, which makes it computationally ef�icient and
straightforward to implement. However, a key limitation of the LS
estimator lies in its inability to adapt to time-varying or rapidly
changing channel conditions. This lack of adaptability restricts its
effectiveness in dynamic wireless environments.

(2)	Adaptive	�ilter
Adaptive �ilter is also recognized as an effective means to rebuild SI

in digital-domain, which can be well-suited for hardware
implementation on a FPGA. The core principle of adaptive �ilter is that
the �ilter can dynamically adjust its parameters in real time by sensing

–



the change of the environment, so that it can obtain the optimal DSIC
performance.

In [26], a new orthogonalization method for nonlinear basis
functions was proposed for DSIC, where the LMS algorithm was
adopted for parameter estimation of parallel Hammerstein signal
model. Experimental results indicated that approximately 46 dB of
DSIC can be achieved at 2.46 GHz over 20 MHz bandwidth with average
+13.3 dBm transmitted power. However, 104 iterations are required to
reach convergence for their algorithm, which poses signi�icant
limitations for real-time applications and is generally considered
impractical for latency-sensitive FD systems. In [27], a 28-taps adaptive
�ilter was designed in the digital-domain, utilizing LMS algorithm to
update the tap coef�icients in real-time. It achieved 30 dB of DSIC at
1.74 GHz over 40 MHz bandwidth with average −5 dBm transmitted
power. However, wideband operation, a rapidly changing RF channel,
and a relatively long delay spread pose signi�icant challenges for the
real-time implementation of an FD system. In [28], an optimized LMS
adaptive �ilter architecture that employed subband decomposition and
parallel processing techniques was proposed to improve the wideband
SI cancellation performance in a representative 5G environment, which
provided 50.5 dB cancellation at 1.5 GHz over 1 GHz bandwidth
(Fig. 5.7).

Fig.	5.7 DSIC based on adaptive �ilter[27]



LessonsLearned : Adaptive �iltering algorithms play a crucial
role in enabling rapid and continuous tracking of time-varying SI
channels, thereby enhancing the robustness of DSIC in dynamic
environments. However, their performance is sensitive to initialization
conditions. Inappropriate initialization may cause the algorithm to
converge to a local optimum rather than the desired global minimum,
ultimately resulting in lower cancellation performance.

In summary, Table 5.3 provides the performance comparison of
DSIC cancellers presented in this section.

Table	5.3 Performance summary and comparison of DSIC technologies

SIC	Method Work Frequency
(GHz)

Bandwidth
(MHz)

Transmit	power
(dBm)

Measured
cancellation	(dB)

Channel
estimation

[23] 2.45 20 +20 38

Channel
estimation

[24] 2.4 20 +15 28

Channel
estimation

[25] 2.4 20 +4.3 26.6

Adaptive
�ilter

[26] 2.46 20 +13.3 46

Adaptive
�ilter

[27] 1.74 40 −5 30

Adaptive
�ilter

[28] 1.5 1 – 50.5

–



Fig.	5.8 Block diagram of the FD radio [23].

5.1.4	 Hardware	Implementation	of	Three-Domain	SIC
Combining with three-domain SIC techniques, several works set up FD
testbed to validate system performance under practical conditions.
Typical hardware implementations of three-domain SIC are presented
in Figs. 5.8, 5.9 and 5.10. In [23], Stanford university proposed an FD
testbed based on WARP, which can achieve a total 110 dB cancellation
(15 dB in antenna-domain, 57 dB in RF-domain and 38 dB in digital-
domain) at 2.4 GHz over 20 MHz bandwidth with average +20 dBm
transmitted power and OFDM 64QAM modulated SI signal. In [29],
Yonsei University presented an FD radio system for 5G wireless
networks, which can achieve a total 103 dB cancellation (42 dB in
antenna-domain, 18 dB in RF-domain and 43 dB in digital-domain) at
2.52 GHz, over 20 MHz bandwidth with average +20 dBm transmitted
power.

Moreover, in [30], Intel proposed an FD testbed based on AD9361
from Analog Devices, Inc. (ADI), which can achieve a total 91 dB
cancellation (21 dB in antenna-domain, 36dB in RF-domain and 34 dB
in digital-domain) at 900 MHz, over 20 MHz bandwidth with average
+20dBm transmitted power.



Fig.	5.9 Block diagram of the FD transceiver [30].

Furthermore, in [31], Tampere university proposed an FD relay
testbed, which can achieve a total 115.3 dB cancellation (75.5 dB in
antenna-domain, 16.9 dB in RF-domain and 22.9 dB in digital-domain)
at 2.56 GHz, over 20 MHz bandwidth with average +29 dBm
transmitted power. However, the Hammerstein model in [31] cannot
handle the other impairments intrinsic to direct-conversion
transmitters such as I/Q mismatch, LO leakage, and baseband
nonlinearities. In [32], Tampere University introduced an FD testbed
based on a software-de�ined radio (SDR) platform, which presented a
novel, low complexity SI canceller algorithm based on an extended
Hammerstein model containing the most signi�icant additional
transmitter impairments. The system can achieve a total SI suppression
of 103 dB(40 dB in antenna-domain, 26 dB in RF-domain and 37 dB in
digital-domain) at 2.4 GHz, over 10 MHz bandwidth with average
+20 dBm transmitted power. In addition, Ref. [33] proposed an FD base
station, which can achieve a total 122 dB cancellation (70 dB in
antenna-domain, 12 dB in RF-domain and 40 dB in digital-domain) at
2.4 GHz and 3.5 GHz, over 20 MHz bandwidth with average +32 dBm
transmitted power.



Fig.	5.10 Block diagram of the FD prototype [33]

To further improve the SIC performance, we developed a new FD
testbed, which consists of three parts: vertical/horizontal polarization
antennas, RF SIC board and digital SIC board, as illustrated in Fig. 5.11a.
The polarization-based transceiver antennas can provide >40 dB
antenna cancellation with > 15 dB antenna gain. A 4-TAP RF canceller
was designed and a variable step approaching (VSA) algorithm was
developed for adaptively tuning the weights of each TAP, which detailed
in [15]. The digital SIC board mainly consists of an AD9371 transceiver
from ADI and an FPGA (Virtex-7) from Xilinx, and a nonlinear digital SIC
algorithm combined with parallel Normalized Least Mean Square
(NLMS)-based parameter learning is also developed, as detailed in [34].
The measurement scenario is depicted in Fig. 5.11b, where two FD



nodes are positioned on the rooftops of two separate buildings. In our
experimental setup, we utilize AD9371 to generate 1.96GHz 64QAM
transmit signal and subsequently ampli�ied to +30 dBm through a
power ampli�ier.

Fig.	5.11 a Photograph of experimental setup for SIC and communication. b Photograph of
measurement scenario. c Power spectral density of SI before and after RF SIC. d Power spectral
density of SI before and after digital SIC

The measured power spectral densities of the received SI before
and after performing the RFSIC and digital SIC are shown in Fig. 5.11c,
d. Under 40 dB antenna isolation, the received SI power is suppressed
to −10 dBm. By reducing to −54 dBm after performing RFSIC and
further reducing to -96dBm after performing DSIC, it achieves a total SI
cancellation of 126 dB over 20 MHz bandwidth. Table 5.4 presents a
comparative summary of SIC performance between these published



prototypes and our proposed work. Our proposed FD device
demonstrates higher SIC performance. Due to +30dBm transmitted
power, >15 dB antenna gain and 126 dB overall SIC capability, our FD
device can achieve >5 km wireless communication.

Table	5.4 Performance Summary and Comparison of three-domain FD technologies

[23] [29] [30] [31] [32] [33] Our
proposed
work

Frequency 2.45
GHz

2.52 GHz 0.9GHz 2.56
GHz

2.4GHz 2.4 GHz and
3.5GHz

1.96GHz

Modulation 64QAM 4/16/64QAM QPSK BPSK OFDM 16QAM 64QAM

Bandwidth 20
MHz

20 MHz 20
MHz

20
MHz

10
MHz

20 MHz 20 MHz

TX	power +20
dBm

+20 dBm +20
dBm

+29
dBm

+20
dBm

+32 dBm +30 dBm

Antenna
cancellation

15 dB 42 dB 21dB 75.5
dB

40 dB 70 dB 40 dB

RF	cancellation 57 dB 18 dB 36 dB 16.9dB 26 dB 12 dB 44 dB

Digital
cancellation

38 dB 43 dB 34 dB 22.9
dB

37 dB 40 dB 42 dB

Total
cancellation

110 dB 103 dB 91 dB 115.3
dB

103 dB 122 dB 126 dB

Above	noise
�loor

1 dB – – 1.7 dB 3.5 dB 3 dB 3 dB

5.2	 Hardware	Implementation	of	FD	Sensing
Leveraging high-performance SIC techniques, the wireless device is
capable of simultaneously transceiving on the same frequency,
therefore several studies focus on the hardware implementation of FD
sensing based on the shared OFDM waveforms. In [35], a radar-
enhanced FD prototype consisting of a SDR module and an EBD was
designed to achieve 55 dB Tx-Rx isolation in the 1.74 GHz RF band. For
an EBD SI suppression of 45 dB, speeds range from 200 to 800 mm/s
can be detected with high accuracy. However, the system does not



support ranging capability. In [36], an FD system prototype was
evaluated, as seen in Fig. 5.12, which consisted of both RF and digital SI
canceller modules, enabling > 85 dB Tx-Rx isolation. The experimental
result showed that the proposed system can accurately measure the
velocity of mobile objects across a range of speeds from 0.2 to 1 m/s,
while simultaneously serving as a node to perform in-band
bidirectional communication.

Fig.	5.12 Block diagram of the prototyped FD system[36].

In [37], an FD OFDM Radar was proposed, combining with three-
domain SIC and frequency-domain radar processing at 2.4 GHz. In the
measurement scenario, three vehicles labeled A, B, and C are driving
along a road toward the OFDM radar system at distances of 50 ∼ 110 m
and the speed of ≤ 50 km/h. With the support of overall 100 dB SIC,
their ISAC device is clearly able to sense all three moving vehicles.

In [38], the sensing performance of two FD ISAC systems at different
operating frequencies were evaluated through RF measurements. In the
�irst case, a similar vehicular sensing scenario as in [37] using an FD
OFDM-based radar at the 2.4 GHz band was presented. This case
represented a typical example of downlink sensing operated by a BS. In
this experiment, a single horn antenna is shared between the TX and RX
through a circulator. In addition, both analog and digital SIC schemes



were incorporated, providing an overall isolation of approximately 100
dB. The considered ISAC system was tested in a suburban vehicular
traf�ic scenario with four moving cars using a 5G NR waveform with
40 MHz bandwidth, which provides a distance resolution of about 4 m.
In the second case, the indoor uplink mapping results was presented
when a measurement setup at 28 GHz. In this measurement campaign,
a 5G NR waveform with 400 MHz bandwidth was utilized, which
provided much �iner resolution of about 0.4m compared to the previous
setup.

Moreover, in [27], an 1.74Gz FD single carrier Radar was proposed,
which can be assigned to an already standardized framework. The
system bene�its from EBD module, which provides primary Tx-Rx
isolation. This merit is achieved by employing a hybrid transformer
coupled with a balance network that emulates the antenna impedance.
The dithered linear search algorithm [39] was adopted to tune the EBD,
aiming for maximum Tx-Rx isolation. Besides, a DSIC block was
deployed to suppress the residual SI signal. At the core, the DSIC
module consisted of 28-tap FIR �ilter and a real-time LMS optimizer. In
their design, an overall 80 dB SIC was achieved and the moving targets
within a range of 0.5 ∼ 4 m at the speed of ≤ 0.5 m/s can be sensed.

Furthermore, in [40], a 28 GHz FD OFDM Radar was proposed, with
static targets highlighted (bicycles near some metallic structures). The
system can sense and map an outdoor environment within 20m by
using standard-compliant 5G NR waveform with 400MHz channel
bandwidth (Fig. 5.13).



Fig.	5.13 Functional block diagram of the prototyped FD system [27]

Table 5.5 provides a performance summary and comparison of
hardware implementation in FD sensing.

Table	5.5 Performance Summary and Comparison of hardware implementation in FD sensing

[35] [36] [27] [37] [38] [40]

SIC	technologies ASIC ASIC+DSIC RF
SIC+DSIC

ASIC+RF
SIC+DSIC

ASIC+RF
SIC+DSIC

–

Frequency 1.74
GHz

1.74 GHz 1.74 GHz 2.4 GHz 2.4 GHz 28 GHz

Bandwidth 10
MHz

10 MHz 40 MHz 40 MHz 40 MHz 400
MHz

TX	power +20
dBm

+20 dBm −5 dBm +20 dBm +30 dBm +30
dBm

SIC 55 dB 85 dB 71 dB 100 dB 100 dB –

Detection	range – 3.8 m 4 m 110 m – 20 m

Detection	velocity
range

2–8
m/s

0.2–1 m/s 0.5 m/s 12 m/s 10 m/s –



In summary, the performance of three-domain SIC has exceeded
120dB with +30dBm transmitted power over 20 MHz bandwidth.
However, the hardware implementations of FD-ISAC is still in the early
stages. Challenges such as non-ideal analog cancellation circuits,
stringent synchronization requirements, and the joint design of sensing
and communication functionalities signi�icantly hinder the practical
realization of FD-ISAC. Therefore, further advancements in hardware
architecture, co-design methodologies, and interference management
are essential to bridge the gap between theoretical capabilities and
real-world deployment.

5.3	 Conclusion
This chapter has provided an overview of effective SIC techniques
implemented in practical FD terminals, and practically achievable
performance of each technique. It includes major sections that focus on
SIC techniques within the antenna, RF and digital domains as well as
dedicated sections on hardware implementations for both FD SIC and
FD sensing. Leveraging the aforementioned SIC techniques and
testbeds, experimental studies have demonstrated the feasibility and
substantial potential of FD wireless systems. However, the hardware
implementations of FD-ISAC are still in the early stages. Despite these
advancements, a lot of challenges still need to be tackled before FD
technology can be widely adopted. More attention from the industry
should also be given to develop small-size and low-cost FD solutions.
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Abstract
With the increasing demands of wireless communications, higher requirements of miniaturization
and integration have been put forward for communication devices. Compared with the discrete-
component-based implementations, on-chip RF cancellers would permit the design of commercially
attractive compact FD ISAC devices [1], which is recognized as a key technology for large-scale
applications by academia and industry. Accordingly, this chapter presents on-chip monolithic designs
for RF SIC, including frequency-domain equalization (FDE) SIC architecture, time-domain
equalization (TDE) SIC architecture, Hilbert-transform equalization (HTE) SIC architecture and MIMO
SIC architecture, as depicted in Fig. 6.1. A detailed investigation is provided into key technologies,
cancellation performance, as well as the advantages and disadvantages of each of these four
architectures.

6.1	 FDE	Architecture
FDE technology segments the target bandwidth into multiple narrower sub-bands to mitigate the
frequency-selective fading characteristics of the SI channel, as shown in Fig. 6.2a. Multiple RF
bandpass �ilters (BPFs) with embedding variable attenuators and phase shifters are included in the
canceller to channelize the desired signal bandwidth, thereby facilitating effective cancellation of the
multi-carrier SI signal. For effective suppression of inter-channel interference between adjacent
channels, the design of high-Q RF BPFs is critical as the high frequency selectivity and narrow
passband of high-Q �ilters signi�icantly enhance channel isolation.
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Fig.	6.1 On-chip RF canceller architecture

In [2, 3], a 2-TAP FDE-based canceller was demonstrated, which achieved >20dB RF cancellation
at 0.8∼1.4 GHz, over 20 MHz bandwidth with -20 dBm average input power and 64QAM modulated
SI signal. N-path Gm-C RF BPFs were employed in their design. RS and RL represent the resistive
loads at the TX and RX sides, respectively. CC weakly couples the cancellation signal to the RX input
for SIC. Given �ixed RS and RL, the quality factor of an N-path �ilter can be recon�igured by adjusting
the baseband capacitor CB, enabling a quality factor of up to 81.2. Moreover, the intricate design
tradeoff among RF cancellation performance, noise factor (NF) degradation and linearity was taken
into consideration.

Fig.	6.2 a Architecture of FDE-based canceller; b Implemented BPFs based on Gm-C frequency shifted N-path �ilters and the chip design of
the implemented canceler [2, 3].

LessonsLearned : The FDE architecture demonstrates ef�icacy in suppressing wideband SI
signals characterized by frequency-selective fading. However, this architecture is confronted with the
challenge of large chip area consumption caused by the capacitor banks, and the RF operating range
is relatively narrow. Besides, the inter-channel interference cannot be completely eliminated, which
imposes a fundamental limitation on the achievable RF cancellation performance.

6.2	 TDE	Architecture
TDE technology reconstructs the multipath SI using a complex �inite impulse response (FIR)
cancellation structure, where the channel response is simulated by TAPs with different delays and
weights. Compared with FDE architecture, TDE architecture offers the advantage of avoiding inter-
channel interference, but its implementation faces challenges in precise multipath group delay
matching. TDE technology can be further classi�ied into three categories based on architectural
implementation and signal processing domain: complex FIR RF canceller, mixer-�irst baseband (BB)
canceller and two stage (RF+BB) canceller.

6.2.1	 Complex	FIR	RF	Canceller
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The architecture of complex FIR RF canceller is depicted in Fig. 6.3a. Each TAP incorporates a �ixed
delay, an attenuator and a phase shifter, which are employed to directly adjust the amplitude and
phase of signals in RF domain, respectively.

In [4, 5], a single-TAP RF canceller and a pair of wideband polarization-based transceiver
antennas were monolithically integrated on the same chip. A co-polarized auxiliary port was
integrated into the receive antenna to establish an indirect coupling path between the transmitter
output and receiver input, where a recon�igurable on-chip re�lective termination was employed to
re�lect the coupled signal and cancel SI at the receiver input. With the combined implementation of
antenna and RF cancellation, a total >70 dB cancellation was achieved over a 1 GHz bandwidth
centered at 59GHz with +11dBm average transmitted power and BPSK modulated SI signal. Both
attenuators and phase shifters are re�lection-type, which is characterized by its simple structural
con�iguration, but will introduce a higher level of nonlinear distortion.

Moreover, in [6], a polyphase �ilter (PPF) and tunable Gm stages were designed to implement a 
360∘ phase shifter, which can signi�icantly alleviate the loading effect on PA by increasing resistor and
reducing capacitor, thereby further suppressing harmonic spurious output. The canceler employed a
PPF to generate four approximately equal-amplitude signals with 0∘, 90∘, 180∘ and 270∘phase shifts.
Two signals with a 90∘ phase difference were selected and individually weighted using variable-gain
transconductance stages, then combined to form a vector sum that matched the amplitude and phase
of the leakage signal. This approach implemented a Cartesian rotator in the cancellation path to
replicate the TX leakage. In their design, a single-TAP RF canceller can not only achieve 31 dB RF
cancellation at 2.4G Hz over 4 MHz bandwidth with −15 dBm average input power and GFSK
modulated SI signal, but also suppressed 3nd and 5th harmonic spurious output by 30 dB and 15 dB,
respectively.

Although PPF-based design can mitigate nonlinear distortion, the incorporation of tunable Gm

stages in [6] to achieve an attenuator may introduce non-�lat impedance within the passband, leading
to greatly mismatch at the receiver input, which limits the SIC bandwidth to only 4 MHz. To overcome
this limitation, in [7], a passive capacitor digital to analog converter (C-DAC) attenuator was
presented, which demonstrated dual improvements in both the in-band impedance �latness and the
linearity of the canceller. The implemented single-TAP RF canceller provided >2 5dB cancellation
across the 0.2∼3.8 GHz frequency range over 10MHz bandwidth with 64QAM modulated SI signal.

Given that only a single TAP is employed in the above canceller, the aforementioned complex FIR
RF cancellers do not incorporate the delay lines in their design. In [8], two cancellers were proposed
to place before and after the LNA. Each RF canceller consisted of a 5-TAP FIR �ilter and each TAP
included an RC-CR allpass �ilter (APF) that provided a measured time delay of 50.9 ps. An EBD was
also integrated on the chip, which can provide 39 dB antenna cancellation. When combined with
antenna cancellation, the overall design provided a total 72.8/70.1/65.2 dB cancellation on OFDM 64-
QAM modulated signal at 1.6∼1.9 GHz, corresponding to integration bandwidths of 20/40/80 MHz.



Fig.	6.3 a Architecture of complex FIR RF canceller. b Architecture of the FD 60 GHz TRX with recon�igurable polarization-based antenna
and RF cancellation [4, 5]. c The chip design of the FD transceiver [6]. d Two RF feedforward FIR cancelers and FD transceiver die
micrograph [8].

LessonsLearned : In general, the multi-tap complex FIR RF canceller requires precise group
delay adjustment to accurately match the characteristics of the multipath SI signal. To achieve a
cancellation level of up to 30∼40 dB for wideband SI, the delays provided by the cancellers should
span across tens of nanoseconds due to the long delay spread of the SI response [9]. Nevertheless, the
direct implementation of nanosecond-scale delay lines in RF domain is fundamentally constrained by
the inverse relationship between time delay and frequency.
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Fig.	6.4 a Architecture of Mixer-First BB Canceller. b The chip design of the implemented canceler [10–12]. c The chip design of the
implemented canceller [15, 16]. d The chip design of the implemented canceller [14]

6.2.2	 Mixer-First	BB	Canceller
The architecture of Mixer-First BB Canceller is depicted in Fig. 6.4a. Both SI signal and reference
signal are down-converted to baseband, followed by the reconstruction of the SI signal through using
a complex FIR BB �ilter. Compared with the RF Canceller, BB canceller offers greater �lexibility in
implementing delay adjustments at baseband. Moreover, it is crucial to adopt a mixer-�irst
architecture by interchanging the positions of the LNA and mixer since the cancellation process has to
take place before ampli�ication due to the high power level of the SI signal. Meanwhile, the mixer-�irst
architecture also demonstrates enhanced wideband linearity and superior NF performance.

In [10–12], a single-TAP mixer-�irst BB canceller was proposed. The design can achieve 27 dB RF
cancellation across the frequency range of 0.15–3 GHz, over 16.25 MHz bandwidth. The NF was
measured to be 6.3 dB in HD mode and 10.3–12.3 dB in FD mode. In their design, the phase shift,
attenuation, and downmixing have been jointly integrated into a single component, namely a vector
modulator (VM) downmixer. To strike a balance between the quantization error of attenuation and
phase shift and practical on-chip implementation constraints, 31 slices of the VM were chosen, which
can be conveniently segmented and controlled with 5 bits. Furthermore, in [13], their RF canceller
chip was tested combined with a pair of dual-polarization antennas, which achieved 50 dB antenna
cancellation and 12 dB RF cancellation at 2.46 GHz over 15 MHz bandwidth, using a 16QAM
modulated SI signal with an average transmitted power of +15 dBm and a peak group delay of 4 ns.

In [14], a passive continuous-mode charge-sharing VM downmixer was introduced to serve as the
BB canceller. In the proposed design, the VM structure was implemented through the combination of
two N-Path sampling mixers (SM) with variable attenuation, arranged in a quadrature con�iguration.
Compared with prior works [10–13], their VM eliminated the requirement for a large number of



slices and achieved a lower NF performance. The proposed single-TAP mixer-�irst BB canceller can
achieve 27 dB RF cancellation at 0.1∼0.95 GHz over 15 MHz bandwidth with 1.2 ns peak group delay.
The NF was measured to be 6.7∼7.9 dB in HD mode and 7.1∼8.8 dB in FD mode, where the
degradation of NF introduced by transitioning from HD to FD operation was less than 1 dB.

However, the mixer-�irst BB cancellers discussed above exhibit an inherently high basic NF (> 7
dB), which adversely degrades the performance of the receiver. In [15, 16], a single-TAP mixer-�irst
BB canceller with low NF was proposed. Speci�ically, the NF was measured to be 3.3 dB in HD mode
and 5.3 dB in FD mode. The canceller can achieve 35 dB RF cancellation at 0.5∼3.5 GHz, over 10 MHz
bandwidth with −25 ∼ −65 dBm average input power, 0.8∼2.5 group delay and 16QAM modulated
SI signal. In their design, a Cartesian-based SI approximation incorporating a downmixer was utilized
to adjust both the arbitrary amplitude and phase of the signals, effectively replacing the VM
downmixer, which can reduce noise penalty. However, the implementation of in-phase quadrature
(IQ) signal generation using resistor-inductor-capacitor (RLC) structure may lead to large chip area
consumption.

LessonsLearned : Generally speaking, mixer-�irst BB cancellers with VM downmixer can
mitigate SI signal with nanosecond-level group delay at the expense of increased chip area and high
power consumption, which limits their suitability for compact and energy-ef�icient transceiver
designs. Moreover, both RF and BB cancellers can only achieve approximately 30dB RF cancellation,
which remains inadequate for effectively suppressing high-power SI signal.

Fig.	6.5 a Architecture of two stage (RF+BB) Canceller. b System block of components on the 40-nm CMOS FD system based on RF and BB
cancelers [17, 18]. c Detailed diagram of the FD receiver featuring time-interleaved switched-capacitor delay-based RF and BB cancelers [9,
19].

6.2.3	 Two	Stage	(RF+BB)	Canceller
To overcome the limitations of RF cancellation, a two stage cancellation architecture can be employed
in which RF and BB cancellers are cascaded before and after LNA respectively, as illustrated in
Fig. 6.5a. In this architecture, RF canceller serves as the �irst stage of cancellation to provide small but
�iner group delays, while BB canceller operates as the second stage to provide large but coarse group
delays.

In [17, 18], a two-stage SI cancellation architecture comprising both RF and BB cancellers was
proposed, as illustrated in Fig. 6.5b. The design can achieve a total cancellation of 50.85 dB (32.76 dB
in RF canceller and 18.09 dB in BB canceller) at 1.96 GHz, over 42 MHz bandwidth with -28.43 dBm
average input power, 2 ns group delay, and 16QAM modulated SI signal. The proposed architecture
was implemented using: (1) a 5-TAP FIR �ilter in the RF canceller, which achieved 65 ps TAP-to-TAP
delay by using RC-CR APF; (2) a 14-TAP low-frequency FIR �ilter using Gm-C based APF in the BB
canceller, which offered a signi�icantly higher Tap-to-Tap delay of 10 ns. The overall transceiver
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power consumption was 49 mW, excluding the integrated PA, and the fabricated prototype occupied a
total chip die area of 3.5 mm2.

In [9, 19], switched-capacitor delay circuits were proposed, which can offer much larger delays
compared to RC-CR APF and lower power consumption compared to Gm-C based APF, thus
demonstrating the feasibility of achieving large on-chip delays in RF and BB domains while
maintaining low form factor and power consumption. In their design, as shown in Fig. 6.5c, 7-TAP FIR
�ilters were employed in both RF canceller and BB canceller, with delay ranges of 0.2–1.1 ns and 10–
75 ns, respectively, and gain control of 5 bits and 7 bits, respectively. Combined with a circulator to
perform antenna cancellation, the canceller can achieve a total RF cancellation level of 52 dB, 49 dB,
and 46 dB across bandwidths of 20 MHz, 30 MHz, and 40 MHz, respectively.

LessonsLearned : In general, the two stage (RF+BB) canceller can achieve higher
performance of SI cancellation, typically > 50dB, but this improvement is accompanied by increased
power consumption and chip area overhead due to the added architectural components and
complexity.

6.3	 HTE	Architecture
To overcome the challenge of realizing nanosecond delay lines in RF domain, prior works [20, 21]
introduced an HTE architecture, in which RF delays can be effectively implemented by up-converting
the BB delays, as illustrated in Fig. 6.6a. Since the delay needs to be applied only to the BB envelopes,
it is more ef�icient to downconvert the RF signal to BB using mixers and a LPF to extract the desired
components, then apply the delay in the BB domain, and subsequently upconvert the signal back to
RF. In the proposed design, the RF canceller contained a single-TAP with 1.4 ns group delay by using
two LPFs, which achieved a total 73 dB cancellation (50 dB in antenna domain and 23 dB in RF
domain) at 900 MHz, over 80 MHz bandwidth with +11 dBm average transmitted power and 16QAM
modulated SI signal.

Fig.	6.6 a Architecture of HTE canceller. b Simpli�ied schematic of the proposed HTE based SIC �ilter and the chip design of the
implemented canceler [20, 21]

Furthermore, a two stage canceller architecture was proposed in [22, 23], where a single-TAP HTE
canceller was placed before the LNA and a BB canceller was deployed after it, as illustrated in Fig. 6.7.
In the proposed FD receiver design, a capacitor stacking (CS)-based second-order delay cell was
employed to break the trade-offs between delay, loss, circuit area, and noise in HTE canceller. A
prototype of the proposed design was implemented in 65 nm Complementary Metal Oxide
Semiconductor (CMOS) process. Overall, the canceller achieved a group delay ranging from 2∼8.8 ns
and 9∼15 ns in HTE and BB domain, respectively. Their canceller achieved a total 33 dB cancellation
(27 dB in HTE canceller and 6 dB in BB canceller) at 900 MHz, over 20 MHz bandwidth with 64QAM

–



modulated SI signal. The receiver power handling capability was improved by 11.5 dB, while the
active chip area was limited to only 0.4 mm2.

Fig.	6.7 a Architecture of two stage (HTE+BB) canceller. b The chip diagram of the implemented canceler [22, 23]

LessonsLearned : Compared to the complex FIR RF canceller, HTE canceller downconverts
the RF SI to baseband, where it becomes more feasible to implement nanosecond delay lines by
operating at low-frequency. However, in practical transceiver implementation, the HTE canceller
requires an additional buffer circuit (such as a source follower) at the input to mitigate its impact on
the PA ef�iciency, which in turn limits the linearity of the canceller. Moreover, HTE cancellers generally
incur higher power consumption and occupy larger chip area compared to TDE cancellers, making
them less favorable for integration in compact or energy-constrained systems.

6.4	 MIMO	Architecture
The application of FD technology to MIMO systems introduces new challenges for transceiver design,
as it must simultaneously suppress SI from each TX to its own RX, and cross-talk interference (XI)
between the antennas. Figure 6.8a illustrates the architecture of 2 × 2 FD MIMO transceiver, where
two cancellers are required for SIC and additional two cancellers are required for XI cancellation
(XIC). In general, the cancellation complexity of a N × N  FD-MIMO transceiver scales as O(N 2),
where N SI cancellers and N × (N − 1) XI cancellers are required. Although each canceller can be
integrated separately, it will inevitably lead to an increase in the overall form factor. Therefore, the
ultimate goal of RF MIMO transceiver design is to achieve monolithic integration of RF cancellation
functionality on a single chip.

Fig.	6.8 a MIMO architecture. b The chip diagram of the implemented canceler [24, 25]. c The chip diagram of the implemented canceler
[26, 27]
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In [24, 25], a 2 × 2 MIMO incorporating four mixer-�irst BB cancellers was demonstrated, as
shown in Fig. 6.8b. The design achieved a total 24 dB cancellation (6 dB for XIC and 18 dB for SIC), at
0.5∼2.5 GHz over 20 MHz bandwidth with maximum -5dBm average input power and QPSK
modulated SI signal. In their design, complex LMS adaptation loops were also integrated on the chip
to adaptively tune the weights of complex FIR �ilter. To reduce adaptation overhead, the LMS adaptive
circuitry was co-designed with and partially embedded in a wideband RF/analog SIC and a gain-
boosted mixer-�irst receiver (RX). This approach minimized the number of canceller taps and enabled
functional integration within a single circuit block.

However, as the number of cancellers escalates quadratically with the increase in the number of
antennas, the complexity of Gm-C cells of delay lines also increases quadratically, which will lead to
prohibitive hardware costs. To overcome this fundamental limitation, prior works [26, 27] proposed
the use of shared-delay lines to reduce the complexity from O(N 2) to O(N). Gm-cell-based vector
modulators tapped from the discrete delay steps of each TX element and injected into all RX BB paths
to approximate the SI channel. Since each TX path employed a single delay line with its taps shared
among all RX paths, the number of required delay lines scaled linearly with the number of MIMO
elements rather than quadratically. They proposed a 2 × 2 MIMO system equipped with four two
stage (RF+BB) cancellers, which can achieve a total 53 dB cancellation (8dB for XIC and 45dB for SIC)
at 2.2 GHz, over 20 MHz bandwidth.

LessonsLearned : Generally speaking, the O(N 2) scaling of complexity, chip area and power
consumption, etc., poses signi�icant challenges that hinder the practical deployment and scalability of
FD-ISAC MIMO systems. As the number of antennas increases, the quadratic growth in hardware and
computational requirements imposes substantial burdens on circuit integration, thermal
management, and energy ef�iciency. Moreover, it becomes increasingly challenging to jointly tune the
weights for both SI and XI cancellers, primarily due to the compounded effects of hardware
impairments and multipath propagation.

In summary, Table 6.1 describes the performance of recently published on-chip RF cancellers.

Table	6.1 Performance summary and comparison of on-chip RF cancellers

Work Year Architecture Frequency Bandwidth Transmit
Power

Antenna
cancellation

RF
cancellation

Rx	N/
degradation
in	FD	mode

Technology
/Area

[2,	3] 2015 FDE 0.8∼
1.4 GHz

27 MHz +15 dBm 35 dB 20 dB 4.8 dB/1.3 dB 65 nm/ 4.8 mm2

[4,	5] 2016 TDE
Complex FIR

59 GHz 1 GHz +11 dBm >70 dB 4 dB/– 40 nm/12.5 mm2

[8] 2018 TDE
Complex FIR

1.6∼
1.9 GHz

20/40/80 MHz – 72.8/70.1/65.2 dB 8.1 dB/1.6 dB 40 nm/4 mm2

[6] 2017 TDE
Complex FIR

2.4 GHz 4 MHz +20 dBm 35 dB 31 dB 4.6 dB/0.6 dB 40 nm/0.15 mm2

[7] 2022 TDE
Complex FIR

0.2∼
3.8 GHz

10 MHz – 30 dB 30 dB 3.2∼5.9 dB/
0.85∼1.5 dB

65 nm/0.55 mm2

[10–13] 2015 TDE
Mixer-First
BB

0.15∼
 3GHz

16.25 MHz +0.2 dBm 29 dB 27 dB 6.3 dB/
4∼ 6dB

65 nm/2 mm2

[14] 2019 TDE
Mixer-First
BB

0.1∼
0.95 GHz

15 MHz – – 27 dB 7.1∼8.8 dB/
0.4∼0.9 dB

130 nm/1.4 mm2
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Work Year Architecture Frequency Bandwidth Transmit
Power

Antenna
cancellation

RF
cancellation

Rx	N/
degradation
in	FD	mode

Technology
/Area

[15,	16] 2020 TDE
Mixer-First
BB

0.5∼
3.5 GHz

10 MHz – – 35 dB 3.3 dB/2 dB 65 nm/1.5 mm2

[17,	18] 2018 TDE
Two Stage

1.7∼
2.2 GHz

42 MHz +15 dBm 43.43 dB 50.85 dB -/1.55 dB 40 nm/3.5 mm2

[9,	19] 2021 TDE
Two Stage

0.1∼1 GHz 20/30/40 MHz +9 dBm 22/22/23 dB 30/27/23 dB 5.3 dB/1.9 dB 65 nm/5.15 mm2

[20,	21] 2019 HTE 900 MHz 80 MHz +6 dBm 50 dB 23 dB 9.6 dB/1.4 dB 130 nm/0.72 mm2

[22,	23] 2023 HTE
Two Stage

0.5∼4 GHz 20 MHz +12.5 dBm 23∼26 dB 32∼38 dB 3.7∼5.7 dB/
1.3 dB

65 nm/0.4 mm2

[24,	25] 2020 MIMO 0.5∼
2.5 GHz

20 MHz – 24 dB 18 dB 3.1∼6 dB/
1.3 dB

65 nm/3 mm2

[26,	27] 2019 MIMO 2.2 GHz 20 MHz – 53 dB 9.5 dB/2.1 dB 65 nm/5.6 mm2

6.5	 Conclusion
In conclusion, this chapter has provided a comprehensive overview of circuit approaches for RF SIC in
FD systems. Various aspects of hardware design and implementation focusing on on-chip RF
cancellers are discussed, which can be classi�ied into four architectural types, including FDE, TDE,
HTE and MIMO architecture. Moreover, this chapter also offers a comparative analysis of the
performance of the state-of-the-art RF cancellers based on these four architectures, highlighting their
respective advantages and trade-offs in terms of cancellation performance, bandwidth, NF
degradation and chip area. Looking ahead, a critical direction for future research lies in the
development of highly recon�igurable, low-power, and area-ef�icient RF cancellation circuits that are
compatible with emerging FD applications such as ISAC.
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chapter also explores issues regarding echo signal recognition, the
trade-off between algorithm accuracy and complexity, and resource
allocation. Concerning FD-ISAC implementation and chip integration,
this chapter highlights current challenges such as frequency and
bandwidth limitations, as well as complexity and power consumption
issues in the chip process. Research on FD-ISAC systems is still in its
early stages. Although many concepts have been proposed and
analyzed through simulations, and some preliminary experiments have
been conducted, experimental research remains basic. Current studies
face several challenges: model design, signal processing, realization and
on-chip implementation.

7.1	 FD-ISAC	Model	Design
7.1.1	 Performance	Metrics
In conventional communication systems, link performance has long
been assessed through metrics such as achievable data rate, BER, SNR,
and spectral ef�iciency, each illuminating a different aspect of
throughput and reliability. Similarly, sensing platforms are judged by
parameters like range and angular resolution, detection probability,
false alarm rate, and estimation accuracy, which together describe a
system’s capacity to detect, localize, and characterize targets [1].
Historically, these two domains have evolved in parallel:
communication engineers have pursued ever-higher throughput and
lower BER via advanced coding schemes and multi-antenna techniques,
while radar and lidar researchers have re�ined pulse designs to
enhance spatial resolution and detection robustness. In resource-rich
environments—where ample spectrum, power, and hardware are
available—this isolationist approach has proven suf�icient.

Nonetheless, as spectrum becomes increasingly congested and
hardware platforms are called upon to perform both communications
and sensing, independently tuning each metric can lead to unintended
trade-offs [2–4]. For example, adopting higher-order modulation or
aggressive beamforming to boost data rates may shorten dwell time on



targets or introduce waveform ambiguities that impair sensing.
Conversely, deploying radar-optimized pulses for �ine resolution can
monopolize bandwidth and degrade BER when carrying information.
These intertwined effects reveal the need for a uni�ied evaluation
framework in FD-ISAC systems.

Instead of treating throughput and error performance on one side
and detection probability and resolution on the other as separate
objectives, future work should establish joint metrics that map out the
trade-off frontier between communication capacity and sensing �idelity.
Potential directions include extending classical information-theoretic
capacity bounds to incorporate estimation error, deriving Pareto-
optimal waveform designs that explicitly balance bits per second
against estimation accuracy, and proposing composite �igures of merit
—such as “sensing throughput,” which integrates data rate with
detection con�idence. By benchmarking FD-ISAC architectures against
such holistic criteria, designers can allocate spectrum, power, and
hardware resources in a way that simultaneously ensures robust data
links and precise situational awareness.

7.1.2	 Performance	Limits	for	FD-ISAC
Full-duplex ISAC platforms aim to merge high-speed data transfer with
radar-grade target detection, but �ield deployments routinely fall short
of their theoretical ceilings. This shortfall stems from the very resource
constraints that practical systems must endure—�inite transmit power
and bandwidth, hardware imperfections such as phase noise and
ampli�ier nonlinearity, and tight size, weight, and cost budgets.
Fundamental-limit studies map out the Pareto frontier linking sensing
�idelity (e.g., range-estimation error, angular resolution, detection
probability) to communication performance (e.g., achievable rate, BER,
spectral ef�iciency) under shared resource caps. By casting power,
spectrum, and hardware complexity as jointly scarce, these analyses
yield closed-form bounds or convex-optimization formulations that
prescribe the optimal joint design of waveform parameters, beam
patterns, and time-frequency allocations.



Early investigations—such as those in [5, 6] for half-duplex
downlink ISAC, and the stochastic-model treatment in [7]—have
illuminated key trade-offs but typically overlook the self-interference
inherent in full-duplex operation, assume perfect transmit-receive
isolation, or simplify sensing to a single static target. To narrow the
chasm between theory and practice, future work must embed realistic
self-interference models, account for hardware impairments, and
embrace multi-target dynamics within uni�ied optimization
frameworks. Such efforts will sharpen the Pareto boundary for FD-ISAC
and inspire adaptive strategies—waveform shaping, power splitting,
beam scheduling—that can track these bounds in real time. Ultimately,
a holistic FD-ISAC performance model will underpin resource-
allocation schemes capable of delivering near-optimal communication
throughput and sensing precision, even under stringent hardware and
spectral constraints.

7.1.3	 Accurate	Modeling	of	Self-Interference	Signals
Effectively deploying FD-ISAC hinges on our capacity to accurately

characterize and then cancel the powerful SI signal that leaks from
transmitter to receiver. The challenge is especially acute for ultra-
wideband (UWB) operation in rich multipath environments, where
re�lections, diffractions, and scatterers generate numerous delayed
echoes of the transmitted waveform. Studies have shown these
re�lections can stretch out over hundreds of nanoseconds, vastly
complicating SI cancellation[8]. First, modeling such a long, time-
dispersed channel demands estimators of immense complexity and
computational heft. Second, reconstructing and subtracting the
composite interference in real time pushes existing hardware and
algorithms to their limits.

Moreover, the very breadth of the UWB spectrum magni�ies these
dif�iculties: as delay spread grows, the instantaneous bandwidth of the
summed SI signal widens, intensifying frequency-selective fading
across the band. In practice, this means different frequency slices
encounter distinct gains and phase shifts, thwarting any single-�ilter



solution and forcing engineers to either piece together multiple
narrowband cancellers or pursue more intricate, wideband designs.
Together, the need for long-horizon channel estimation and the severe
frequency selectivity inherent to high-delay UWB channels create a
daunting barrier to achieving the SI suppression levels required for
practical full-duplex performance. Breaking through will require
advances not only in adaptive �iltering and channel-modeling
techniques but also in hardware architectures engineered to sustain
these extreme signal dynamics.

7.1.4	 Joint	Waveform	Design	Optimization
Designing a uni�ied waveform that simultaneously enables high-

throughput data transmission, precise environmental sensing, and
robust SIC remains a formidable challenge in FD-ISAC research.
Although early work such as that in [9] hints at a bene�icial link
between stronger interference suppression and enhanced radar
performance, these studies typically overlook the broader impact on
communications metrics like throughput, error rate, and latency under
joint operation. In practice, the attributes that maximize SI nulling—for
example, aggressive spectral shaping or extreme beam-steering—could
unintentionally undermine range resolution or reduce effective data
capacity.

7.2	 FD-ISAC	Signal	Processing
7.2.1	 Tradeoff	Between	Target	RFSIC	and	DSIC

The interplay between RFSIC and digital DSIC represents a
fundamental bottleneck in FD transceiver design. On the one hand,
RFSIC must be suf�iciently aggressive to drive the residual SI power
down into the linear operating range of the ADC, preventing saturation
and excessive quantization noise in the digital domain. On the other
hand, several studies have demonstrated that pushing analog
cancellation too far can inadvertently suppress the dominant linear SI
components while leaving— and even relatively magnifying—nonlinear



distortions, mixer phase noise, and other hardware impairments. These
unwanted residuals then undermine the performance of DSIC
algorithms, which rely on an accurate linear-SI model for subtraction
[8, 10]. To address this dilemma, recent works have proposed adaptive
hybrid architectures: frequency-selective analog �ilters that shape the SI
spectrum before digitization, machine-learning-driven tuning of
cancellation parameters in real time, and decision-directed loopback
schemes that dynamically allocate cancellation effort between the RF
and digital domains based on instantaneous channel and hardware
conditions.

Balancing RFSIC and DSIC for optimal overall performance remains
a challenging task. Future transceiver designs must calibrate the depth
of analog cancellation to suf�iciently reduce SI power without
exacerbating nonlinear artifacts that impede digital subtraction.
Promising directions include joint analog-digital optimization
algorithms that treat cancellation as a single uni�ied problem, real-time
monitoring of residual error statistics to adjust cancellation weights on
the �ly, and closed-loop control schemes that automatically rebalance
RFSIC and DSIC as operating conditions evolve. By embracing holistic,
system-level approaches—ones that account for hardware
impairments, channel variability, and algorithmic complexity in concert
—robust high-throughput full-duplex operation can be realized.

7.2.2	 Echo	Signal	Identi�ication
In realistic FD-ISAC deployments, echo-signal identi�ication must

contend with far more complexity than simple target re�lections. In
cluttered environments, transmitted waves interact with myriad
objects, producing not only direct echoes but also refracted and
scattered components that can masquerade as legitimate returns. As
noted in [11, 12], these unintended refracted waves—originating from
non-target surfaces—arrive at the receiver alongside genuine echoes,
effectively acting as dynamic clutter. Meanwhile, many ISAC platforms
rely on waveforms crafted for high data throughput rather than ideal
autocorrelation characteristics. Unlike traditional radar pulses, which



exhibit sharp correlation peaks and minimal sidelobes for precise range
and velocity estimation, data-embedded ISAC signals include pseudo-
random sequences that degrade these correlation properties [13]. The
result is a signi�icantly reduced ability to discriminate weak target
echoes from both environmental clutter and residual self-interference
when using conventional matched-�ilter processing.

This tangled signal landscape—comprising target re�lections,
refracted interference, waveform-induced ambiguity, and possible
residual SI in FD operation demands novel processing strategies. Future
research should therefore focus on developing advanced algorithms
capable of isolating authentic target echoes within this complex milieu.
Potential directions include hybrid correlation/detection schemes that
compensate for suboptimal waveform auto-correlations, adaptive
clutter-suppression �ilters informed by environmental models, and
machine-learning approaches trained to recognize and reject non-
target signal features. By addressing both environmental and system-
originated interference in an integrated manner, these techniques will
be crucial to achieving reliable, high-resolution sensing in next-
generation FD-ISAC systems.

7.2.3	 Tradeoff	Between	Accuracy	and	Complexity
When designing signal processing algorithms for ISAC, it is essential to
�ind a reasonable balance between complexity and accuracy. In ISAC
systems, the design of signal processing algorithms is crucial as they
directly impact the overall system performance and the feasibility of
practical applications. High-precision signal processing algorithms can
provide more accurate communication and sensing functions, such as
higher data transmission rates, lower bit error rates, and increased
sensing accuracy. However, these high-precision algorithms often come
with higher computational complexity and resource consumption,
which may increase hardware requirements, power consumption, and
response times, thereby limiting their deployment and widespread
adoption in practical applications. On the other hand, low-complexity
signal processing algorithms have clear advantages in terms of



computational resources, power consumption, and response time,
making them easier to implement in resource-constrained
environments. However, this simpli�ication often comes at the cost of
sacri�icing some degree of accuracy, which may result in decreased
communication data rates, increased bit error rates, or reduced sensing
accuracy [14]. Therefore, the challenge lies in �inding an optimization
solution that allows the system to maintain suf�icient accuracy while
minimizing complexity as much as possible.

7.3	 FD-ISAC	Realization	and	On-Chip
Implementation
7.3.1	 Frequency	and	Bandwidth	Limitations
A salient limitation of current FD-ISAC prototypes is their reliance on
relatively narrow signal bandwidths, which constrains sensing
performance. Fine range resolution—and therefore precise target
localization and discrimination—depends inversely on the transmitted
bandwidth. Yet, FD hardware, which underpins many single-antenna
ISAC schemes, struggles to deliver the level of SIC and RF component
performance required for truly wideband operation. Although early
demonstrations have con�irmed the feasibility of in-band FD radios
under controlled setting, these proof-of-concept systems do not yet
confront the full complexity of wideband self-interference mitigation.

As a result, a clear gap persists between the broad spectral
apertures needed for high-�idelity ISAC sensing and the present
capabilities of FD-ISAC platforms. Bridging this divide demands
concerted advances in both SIC algorithms and wideband RF design.
Future work must rigorously characterize and improve SIC over
expansive frequency ranges, optimize broadband RF front ends, and
validate long-term stability and robustness in real-world environments.
Only through such efforts can FD-ISAC systems fully exploit wideband
resources to achieve their sensing and communication potential.

7.3.2	 Embedded	Circuits	for	Adaptive	Weights	Tuning



Employing adaptive algorithms is essential for maintaining optimal
RFSIC performance in environments where the self-interference
channel varies over time. Conventional implementations rely on digital-
domain adaptation: the RF signals are down-converted to baseband,
digitized, and then used to update the coef�icients of multi-tap FIR
�ilters (often via LMS or RLS routines) that drive digital cancellation or
predistortion stages. However, realizing wideband cancellation in this
fashion typically demands multiple parallel down-converter chains—
each comprising mixers, �ilters, and ADCs—which can draw on the
order of 1.5 W per chain, as noted in [15]. Such power requirements
severely limit applicability in battery-powered devices like mobile
handsets or sensor nodes.

An emerging alternative embeds the adaptation loop directly in the
RF (or IF) domain, tuning complex �ilter weights through analog
components—vector modulators, variable gain ampli�iers, or phase
shifters—rather than full baseband conversion, as explored in [16]. By
eliminating multiple down-conversion paths and their associated ADCs,
this approach promises dramatic reductions in both circuit complexity
and power consumption, making advanced RFSIC viable for power-
sensitive platforms.

Nonetheless, practical realization of embedded RF-domain
adaptation presents its own challenges. Designing analog adaptive
loops that remain stable, accurate, and robust across process, voltage,
and temperature variations is nontrivial. Further research is therefore
required to re�ine circuit topologies, improve loop stability, and validate
long-term performance under real-world dynamics. Only then can RF-
integrated adaptive weight tuning overcome the power and complexity
limitations of traditional baseband methods and enable truly portable
RFSIC solutions.

7.4	 Conclusion
While the aforementioned studies highlight the cutting-edge
advancements and broad prospects of FD-ISAC technology, this chapter



focuses on the potential challenges it currently faces. Speci�ically,
limitations exist in critical aspects such as channel modeling accuracy,
signal processing ef�iciency, and hardware implementation costs. These
technical bottlenecks, to varying degrees, affect the large-scale
deployment and engineering applications of FD-ISAC systems. It is
important to emphasize that acknowledging these technical challenges
does not negate the research value or development potential of FD-
ISAC. On the contrary, the research direction established through the
systematic problem analysis in this chapter provides a clear focus for
the “Future Directions for FD-ISAC" discussed in subsequent chapters.
Breaking through these unresolved problems will not only promote the
improvement of the FD-ISAC technology system but also lay an
important foundation for the leapfrog development of future ISAC
technologies.
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�ields such as UAVs, and SAGIN. In addition to the challenges mentioned
above, the following key areas also warrant further research and
development, as detailed below.

8.1	 Terahertz	ISAC
Owing to the ever-increasing demand for spectrum, future wireless
systems are migrating into higher-frequency bands—most notably
millimeter-wave (30–100 GHz) and terahertz (0.1–10 THz)—to unlock
vastly greater bandwidths than those available below 6 GHz.
Millimeter-wave frequencies promise multi-gigahertz channels for
next-generation networks [1, 2], while the terahertz realm not only
affords exceptionally wide bandwidths for massive data throughput but
also bene�its from tiny wavelengths that enable compact hardware,
ultra-low latency, and extremely high peak rates [3, 4].

Integrating full-duplex ISAC with these bands could simultaneously
boost communications capacity and sensing �idelity. Yet managing self-
interference (SI) becomes particularly challenging at millimeter-wave
and terahertz frequencies, where massive antenna arrays and wide
instantaneous bandwidths exacerbateleakage between transmit and
receive paths. Conventional SIC methods designed for sub-6 GHz
systems do not translate directly. To improve TX/RX isolation in
millimeter-wave FD links, several beamforming-based solutions have
been explored: purely analog schemes using networks of phase shifters
[5–7], fully digital precoding with per-antenna RF chains [8], and
hybrid analog-digital architectures that combine baseband
beamformers with analog sub-arrays [9–11].

At terahertz frequencies, the same narrow beams that support high-
precision communications also enable detailed environmental sensing,
which can, in turn, re�ine antenna alignment and enhance real-time
localization and beam management [26]. Consequently, devising signal-
processing algorithms tailored to ISAC operation in millimeter-wave
and terahertz bands is a pivotal research direction.



Several hurdles remain. Practical millimeter-wave antennas
exhibitimperfections—such as sidelobe leakage—that undermine
isolation [12], mandating both RF-domain and digital-domain SIC
stages. Moreover, much of the literature presumes SI is already
suppressed (often via of�line calibration [13, 14]), leaving the joint
design of beamforming and power allocation for SI mitigation, capacity
maximization, and sensing optimization largely unexplored. Finally,
nearly all current FD-ISAC experiments focus on single-antenna setups;
extending these concepts to massive arrays at millimeter-wave and
terahertz frequencies represents an urgent and open challenge.

8.2	 RIS	Assisted	ISAC
Recon�igurable intelligent surfaces (RIS)—also referred to as intelligent
re�lecting surfaces or large intelligent surfaces—have emerged as a
transformative technology for sculpting the wireless propagation
environment. Composed of a dense array of passive metamaterial
elements whose re�lection amplitudes and phases can be
independently programmed via a central controller, RIS enables the
constructive combination of multipath signals at targeted receivers,
yielding the equivalent of 30–40 dB of passive array gain without the
need for active RF chains or power ampli�iers [15]. This exceptionally
low-power, low-cost pro�ile has made RIS a leading candidate for
energy- and spectrum-ef�icient deployments in next-generation 6G
networks [16–18].

When integrated into an ISAC framework, RIS brings the additional
capability of actively tailoring the sensing environment. By judiciously
con�iguring the element-wise phase shifts, an RIS can establish virtual
line-of-sight paths or introduce new re�lection angles to illuminate
hidden regions, thereby extending detection coverage and improving
target distinguishability in non-LoS scenarios [19]. Moreover, the large,
recon�igurable aperture formed by the surface can be exploited to
re�ine spatial resolution and enhance positioning accuracy, while
simultaneously enabling dynamic interference suppression and



communication-link enhancement through optimized re�lection-
coef�icient matrices [20, 21].

Crucially, RIS itself operates as an inherently full-duplex re�lector: it
reradiates incident signals without generating self-interference or
amplifying receive-path noise, in stark contrast to active multi-antenna
transceivers. This property has inspired a growing body of work on
RIS-assisted FD-ISAC systems, in which a full-duplex base station jointly
optimizes its transmit beamformers, user transmit powers, and RIS
phase pro�iles to balance communication throughput against radar-
sensing �idelity. Recent studies have developed algorithms for
maximizing sum-rate under radar SINR constraints [22], iteratively
solving the coupled beamforming and power-allocation problems [23],
and quantifying the fundamental trade-off between sensing and
communication performance in this novel paradigm [24, 25]. Together,
these advances underscore the promise of RIS-enabled FD-ISAC as a
cost-effective, energy-ef�icient pathway toward simultaneous, high-
accuracy sensing and high-capacity communications in future wireless
networks.

8.3	 AI-Driven	ISAC
Arti�icial intelligence (AI) is poised to become a key enabler of next-
generation 6G wireless networks, thanks to its ability to solve
challenging non-convex optimization problems, to approximate
complex system behaviors, and to uncover spatiotemporal patterns
from large volumes of data. In particular, data-driven AI algorithms are
creating new avenues for enhancing both FD and ISAC. By training deep
or reinforcement learning models to map raw inputs—such as
environmental observations, system con�igurations, and performance
targets—directly to optimized transceiver settings, AI can substantially
reduce reliance on conventional, computation-intensive channel
estimation and modeling techniques, thereby improving resource
allocation and overall system performance [26–28].



Within FD communications, AI-based methods offer promising
alternatives for SIC. Traditional polynomial models for non-linear SI can
become prohibitive in complexity and parameter count as the model
order grows. Neural network-based cancellers, however, can achieve
similar or better suppression with fewer parameters and �loating-point
operations [29, 30]. For example, architectures such as DN-lHLNN have
been shown to reduce model size and computational load compared to
classic polynomial approaches, while other designs—like channel-
robust SI cancellers for time-varying channels [31], convolutional
networks such as KD-MCNN [32], or neural-accelerated tuning of multi-
tap RF cancellers [33]—demonstrate the versatility and ef�icacy of AI in
tackling SIC challenges.

AI also brings signi�icant advantages to ISAC, especially in scenarios
plagued by poor channel conditions (e.g., indoor or densely built
environments) that generate large amounts of noisy, multi-modal data
with complex non-linear relationships. Conventional signal processing
may struggle to disentangle communication and sensing tasks under
such conditions [34]. Learned models—ranging from convolutional
long short-term memory networks (HCL-Net) for predictive
beamforming that balance radar accuracy with communication
throughput [35], to unsupervised deep models that jointly optimize
sensing and communications [36], and extreme learning machines for
channel estimation in RIS-assisted ISAC systems [37]—offer robust,
adaptable solutions that outperform traditional benchmarks.

Despite the aforementioned advancements, research on AI-driven
FD-ISAC systems remains unexplored. For example, novel NN
architectures and training methods are required to better address the
challenges of separating target echoes from SI, to further improve SIC
performance while avoiding the unintended removal of target echo
signals in FD-ISAC system. Moreover, AI solutions have demonstrated
the potential to reduce computational complexity for either SIC in FD
radios or beamforming design in ISAC systems. However, how to
leverage AI approaches to reduce the computational complexity of both
remains an unresolved challenge. Furthermore, combining traditional



mathematical methods with data-driven AI approaches has become a
highly interesting and promising topic in FD-ISAC system, since it can
effectively simplify the training process. Therefore, further exploration
is needed for future advancements in AI-driven FD-ISAC systems.

8.4	 ISAC	for	UAVs
Ground-based ISAC deployments often face signi�icant performance
degradation when line-of-sight (LoS) links are obstructed, and in
urgent or unpredictable scenarios—such as disaster relief or post-
attack response—establishing reliable terrestrial communication and
sensing infrastructure may be infeasible. To mitigate these limitations,
autonomous UAVs have been proposed as airborne ISAC platforms,
leveraging their high mobility, unobstructed LoS from altitude, broad
coverage potential, and rapid deployability [38]. Equipped with
communication transceivers, UAVs can offer adaptable services to
ground users when conventional networks are overloaded or disrupted.

In the UAV-assisted ISAC paradigm, aerial vehicles simultaneously
serve as communication relays and sensing nodes, greatly enhancing
LoS probability to both users and targets by virtue of their
elevation [39]. This dual-function approach not only boosts overall
system performance—potentially lowering power requirements
compared to distributed ground systems and extending sensing range
—but also reduces coverage gaps caused by terrain or man-made
barriers. Moreover, the environmental data collected through sensing
can inform more effective network topologies and re�ine wireless
coverage strategies. By unifying communication and sensing on a single
payload, UAV-ISAC systems eliminate the need for distinct devices,
thereby decreasing both payload weight and energy consumption and
extending mission endurance.

Recent studies have validated the promise of this approach. One
cooperative UAV-ISAC architecture demonstrated a 66.3% gain in
sensing performance over standard UAV networks [40], while another
work formulated a periodic sensing-communication scheme that jointly



optimizes UAV trajectory, transmit precoding, and sensing timing—
maximizing user throughput under beam-pattern constraints [41].
Further research has developed frameworks for co-optimizing UAV
�light paths and beamforming strategies to balance sensing accuracy
against communication capacity across both quasi-stationary and fully
mobile scenarios [42].

Despite these advances, the design and optimization of UAV-assisted
ISAC remain challenging (particularly when incorporating FD
operation). High UAV mobility complicates trajectory planning,
necessitating the joint consideration of SIC, CCI, power budgets, speed
limits, and waypoint constraints. At the same time, the stringent size,
weight, and power restrictions on UAV platforms call for SI cancellers
and ISAC signal processors that are both low-complexity and energy-
ef�icient. Although the added maneuverability introduces valuable
spatial and temporal degrees of freedom for performance optimization,
it also exponentially increases problem complexity. Consequently,
developing robust, scalable algorithms that can withstand rapid
dynamics and manage the elevated optimization burden is an essential
focus for future UAV-assisted ISAC research.

8.5	 ISAC	for	Space-Air-Ground	Integrated
Networks
Ground-based networks, high-altitude platforms, and satellites each
offer unique advantages yet suffer inherent limitations when operated
in isolation—ground systems face range restrictions from propagation
losses [26], while aerial sensors contend with broader beam footprints
and greater signal attenuation over extended distances [43]. The Space-
Air-Ground Integrated Network (SAGIN) paradigm seeks to overcome
these weaknesses by unifying these segments into a cohesive
framework capable of delivering ubiquitous connectivity and sensing
services on a global scale [43, 44]. By equipping nodes across the space,
air, and ground layers with dual communication and sensing
capabilities, SAGIN-enabled ISAC architectures can dramatically expand



both coverage and functionality, enabling innovations such as
perception-assisted communication—where sensing insights enhance
link reliability—and networked perception, which fuses data from
distributed nodes to elevate sensing �idelity [44].

Realizing ISAC within the multi-tiered SAGIN landscape, however,
presents formidable challenges. It demands the simultaneous
orchestration of two integration dimensions: the functional coupling of
communication and sensing—potentially leveraging advanced full-
duplex (FD) techniques—and the structural synchronization of
heterogeneous network infrastructures spanning terrestrial, aerial, and
orbital domains [45]. These intertwined complexities complicate
system modeling, theoretical performance analysis, and joint
optimization efforts. Addressing them will require substantial
theoretical investigations and the development of scalable, robust
algorithms tailored to SAGIN’s dynamic, high-dimensional
environment [45].

8.6	 Conclusion
This chapter systematically elaborates on the future development
directions of FD-ISAC. From a technological evolution perspective, its
deep integration with cutting-edge technologies such as terahertz
communication, RIS, and AI-empowered dynamic resource scheduling
algorithms will signi�icantly enhance the system’s spectrum resource
utilization, achieve sub-millisecond end-to-end latency, and construct
an intelligent sensing system with cognitive decision-making
capabilities. From a hardware implementation perspective,
technological breakthroughs in heterogeneous integrated chip-level
solutions and miniaturized recon�igurable antenna arrays will
effectively promote the large-scale application of FD-ISAC in complex
scenarios such as autonomous drone swarm collaboration and
integrated SAGIN networking. It is worth emphasizing that subsequent
research should focus on constructing a collaborative design paradigm
that considers both theoretical innovation and engineering practice



constraints, and prioritize breakthroughs in key technical bottlenecks
such as multi-physics domain coupling modeling and cross-
dimensional resource joint optimization, to provide systematic
solutions for the industrialization of FD-ISAC technology.
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