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Abstract

Nowadays, sensing and communication are both critical in numerous applications of
everyday life. In future network, joint integration of both functions is promising for
multiple motives, including increase of spectral efficiency, lower cost and complexity,
and improvement of the overall network performance. In this PhD thesis, such
systems have been studied from three different perspectives, especially in vehicular
scenarios.

First, at the vehicle level, novel radar propagation and cross-section models
are developed from the electromagnetic theory in monostatic configurations.
Those models are obtained considering simple flat and curved rectangular targets,
and are suited for both near- and far-field applications. They highlight how the
received power varies w.r.t. to distance between the antennas and the target,
depending on the carrier frequency and the geometry of the scenario. This
emphasises the importance of the choice of accurate models. Experimental
measurements are also carried out to validate the conclusion drawn from the
developed expressions. Besides, expressions of the reflected signal and specific
signal processing are developed in multistatic configurations. This shows that the
consideration of the spherical wavefronts in the near-field propagation region can
lead to radar performance improvement, i.e. an increased resolution and/or ac-
curacy, respectively when orthogonal and non-orthogonal waveforms are transmitted.

Then, within the stochastic geometry framework, novel joint sensing and
communication performance metrics are defined, highlighting the impact of one
function on the other, and the associated trade-offs. Analytical expressions are
computed in a full-duplex scenario at the street level, where the system of interest
simultaneously process radar echoes and uplink communication signals. Ray-tracing
simulations are also carried out to assess the accuracy of the developed metrics.
Furthermore, at the city level, cooperative sensing and communication is analysed,
and complex interference mechanism are modelled, namely direct links, reflections,
diffractions, and building penetrations. Optimisation of the network parameters is
also performed.

Finally, the full-duplex joint sensing and communication scenario is further studied.
Two solutions against the interference between both function are proposed, namely
interference cancellation and beamforming. In the first case, multiple structures are
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proposed, e.g. interference cancellation at the radar function, at the communication
function, iterative and dynamic interference cancellation. Such receivers are robust
against any scenario, and their complexity may be reduced leveraging on previous
measurements. In the second case, optimisation is carried out while ensuring fairness
between both functions, and among the targets and communication users. Multiple
schemes are designed depending on the scenario, with variable complexity, optimality
and required assumptions.
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Preamble

This PhD thesis has been written targetting engineers graduated in Electricity, with
basics in telecommunications and signal processing. As detailed in Section 1.2 of
Chapter 1, this work has been divided in three parts of three chapters. The first
chapter of each part is dedicated to the description of numerous notions and tools
which are useful for the understanding of the next chapters. Thus, experienced readers
may skip partially or entirely these chapters, at their convenience. Additionally, it is
not required to read the content of the appendices to fully understand the results and
conclusions of this work, as they mainly contain mathematical developments and
proofs.

Within this manuscript, important definitions from the litterature and significant
contributions from this thesis are highlighted in boxes:

Important Definitions from the Literature

Boxes colored in gray summarises important definitions from the litterature,
which are used in the thesis.

Significant Result from this Thesis

Boxes colored in green summarises significant results and contributions
obtained in this thesis.
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Introduction — Sensing and ‘ 1
Communication

OWADAY, ElectroMagnetic (EM) wireless systems are designed to fulfil (usually
N one among) three different purposes, namely radar, communication, and
power transfer. The radar or sensing! function aims to gather information about the
unknown environment, by transmitting a known signal, receiving echoes of this
signal from the numerous objects composing the environment, and processing this
signal to extract their parameters, i.e. distances, angles (or directly a position), and
speeds. In contrary, The communication function objective is to transmit information
between devices, in a supposedly known environment. Thus, the transmitted signal
is now unknown at the receiver. In practice, the environment is also unknown, but it
is estimated at the receiver, most of the time using pilot symbols, i.e. a part of the
transmitted signal which is known beforehand. Finally, the power transfer aims to
transmit electrical energy to devices, to eliminate the need of battery and wire supply.

In this thesis, a focus is made on the sensing and communication functions. Histor-
ically, radar and communication systems are operating at distinct carrier frequencies.
However, in recent years, owing to the spectrum scarcity, the carrier frequency ranges
of both functions tend to increase and get closer, or even overlap. Additionally, both
purposes tends to require larger bandwidths and antenna arrays. Therefore, the pos-
sibility to operate both functions simultaneously has received an increased attention.
This especially raises the following questions:

1. Both the sensing and communication function share the same EM spectrum.
Thus, how to allocate the available resources between both functions?

2. Instead of allocating resources separately between the sensing and communica-
tion purpose, could we perform both functions using the same resources, and
how to do it efficiently?

3. Owing to the complementarity of the sensing and communication function,
could both functions cooperate with each other, in order to improve their
respective performance?

Note that, in [Liu+22], the gains of the second and third challenges are respectively
named integration and coordination gain.

n this thesis, the term sensing always refers to radar sensing.
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Different Approaches for Joint Radar and Communication

. o
CJomt Radar & Communlcatlon

E] §
] é .

Coexistence Co-design

- Inter-function interference management - Trade-offs within the design
- Resource allocation

Radar-centric ( Communication-centric ) Fully-integrated
- Integration of communication - Integration of radar capabilities in - Optimisation from scratch
capabilities in existing radar waveforms  existing communication waveforms
- e.g. chirp-based designs - e.g. OFDM-based designs

Fig. 1.1 Joint radar and communication under multiple perspectives.

In order to answer to these questions, two approaches have been adopted in
the literature: coexistence and co-design. On the one hand, with the coexistence
perspective, different waveforms are transmitted for each function. The same or
different hardware may be used. The main challenges to handle are the interference
mitigation and the resource management between both functions. On the other hand,
with the co-design perspective, a single waveform is transmitted for both functions,
using the same hardware. In that case, the main challenge resides in the design of the
joint waveform, and more particularly the trade-offs made between both purposes.
Integrated design is particularly appealing, as the use of a single hardware could lead
to spectral efficiency increase, complexity reduction, and cost reduction. Numerous
names are given to co-designed systems, e.g. Dual-Function Radar-Communication
(DFRC), Joint Communication and Sensing (JCAS), or Integrated Sensing and
Communication (ISAC).

Within the ISAC literature, three different ISAC design perspectives are
distinguished: radar-centric, communication-centric, or fully-integrated. With
the radar-centric point of view, one leverages on existing radar waveforms. Then,
information is embedded in the waveform, e.g. through phase modulation, amplitude
modulation, or index modulation. This includes for instance chirp-modulated
waveforms (Section 8.1 of Chapter 8), or frequency hopping systems [Wu+21]. Modest
communication capabilities are introduced, usually at the price of slight (or no) radar
performance reduction. Contrariwise, with the communication-centric point of view,
one starts with existing communication waveforms, and modifies the structure to
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Fig. 1.2 Performance of the three joint radar and communication design approaches
(inspired from [Ma+20]).

integrate sensing capabilities. This mainly includes variations of the Orthogonal
Frequency Division Multiplexing (OFDM) modulation (Section 8.2 of Chapter 8), but
also protocol-based approaches [Kum+18], or spread spectrum techniques [MS]J19].
Small sensing capabilities are introduced, usually at the price of slight (or no)
communication performance reduction. Finally, with the fully-integrated approach,
the ISAC waveform is designed from scratch through optimisation procedures
[Zho+22]. Thus, no function is especially privileged. Though, performance trade-offs
are made between both functions, depending on the definition of the problem.

The different perspectives of joint radar and communication are summarised in
Figure 1.1, and the performance of the three design approaches are illustrated in
Figure 1.2. Yet, the limitations between the different perspectives are not always
defined. For instance, even with co-designed systems, coexistence issues, i.e.
interference mitigation and resource management, are also challenging when
multiple systems are operating simultaneously. Still, these issues are not inherent
of JCAS systems. Other examples are the chirp-modulated OFDM ISAC waveform
[Bod+23], and the multi-carrier Frequency-Modulated Continuous Wave (FMCW)
waveform [Wan+18]. Depending on the privileged purpose, both may be considered
as radar- or communication-centric approach. Furthermore, multiple perspectives
may be combined. A very elegant way to summarise how they may be combined is
proposed in [SZA24]. First, the data lattice is defined as a mathematical construct that
enables data symbols (known or unknown, respectively for radar and communication
applications) to be distributed in a multidimensional space. For instance, the time
domain is considered for usual complex modulated communications or phase-coded
sensing. Instead, the time-frequency space is considered for OFDM. Nonetheless, this

| 3
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Physical Layer for 6G and Beyond
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Fig. 1.3 TIllustration of different waveforms discussed in the literature for next gen-
eration networks [SZA24].

space may include any logical domain. For example, the Orthogonal Time-Frequency
Spacing (OTFS) modulation uses a delay-Doppler space. This is a mathematical
structure in which the symbols are distributed, under any arbitrary form. Then,
transformations are performed to reshape the data lattice into the physical resource
grid, i.e. the time, frequency and space dimensions. Finally, the signal is transmitted
after windowing, filtering and suffix/prefix operations. This is illustrated in Figure
1.3.

With such abstraction, the co-design perspective studies how to define the data
lattice, windowing, filtering, and suffix/prefix operations, such that both sensing
and communication may be performed. In contrary, the co-existence perspective
considers divisions of the physical resource grid. Each part may be allocated to
sensing, communication or joint waveforms. Thus, one may simultaneously transmit
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Applications for Joint Radar and Communication
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Fig. 1.4 Applications for ISAC systems [Liu+22].

co-designed waveform on different portions of the physical resource grid.

1.1 Scenarios and Applications

Numerous usages of ISAC systems may be found in multiple different scenarios,
e.g. Vehicle-to-Everything (V2X), human-computer interaction, smart home and
manufacturing, remote sensing, environmental monitoring, as illustrated in Figure
1.4. These scenarios are further detailed in [Liu+22].

Yet, the specific case of the V2X scenarios is particularly considered in this thesis,
as ISAC systems have raised an increased interest in recent years for such applications.
For instance, they may be embedded in vehicles and/or the infrastructure for multiple
purposes, such as autonomous driving, cooperative sensing, and V2X communications.
As a non-exhaustive list, multiple interesting challenges especially related to this
application are the interference management between multiple ISAC systems, the
embedding of such systems in vehicles, the design of distributed algorithms for
resource allocation, or the fusion of information coming from the numerous embedded
sensors, e.g. cameras or lidars. In this thesis, as further detailed in Section 1.2, a focus
is made on the first challenge, namely the interference management.
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1.1.1 Interference Management in Automotive Scenarios

The interference between multiple radar or ISAC systems is a major issue, owing
to the constantly increasing number of vehicles and RoadSide Units (RSUs). This
challenge has been initially tackled by the MOre Safety for All by Radar Interference
Mitigation (MOSARIM) project [10]. Different interference mitigation techniques
have been developed involving space, time, frequency, code, and polarisation domains.
For instance, for coexisting radar systems, [RDP18] has proposed an adaptive digital
beamforming technique where the beamforming weights are updated depending on
the estimated interference level. Modifications of chirps bandwidth, duration, and
pulse repetition interval are implemented in [SM19; Kit+19; Kim16]. Carrier sensing
multiple access schemes are adopted in [Ish+19; Ayd+19]. Different multiple access
strategies are also compared in [JR21].

However, even if dynamic modifications of the parameters are possible with radar
systems, such solutions are not suited for embedded ISAC systems without back-
haul link, since communication receivers are not collocated with the transmitter,
except when the modification simultaneously carries information and helps for in-
terference mitigation [LS23]. Another approach applicable to both radar and ISAC
scenarios is to consider interference suppression algorithms. This can be implemented
through iterative interference reduction [Ume+18], subspace error correction [YZ19],
short time Fourier transform interpolation [NKY19], sparsity-based [CG19] or other
reconstruction methods [Liu+20].

1.1.2 Full-Duplex Integrated Sensing and Communication

In many of the scenarios described in [Liu+22], multiple ISAC systems may coexist in
the same environment, either by using orthogonal resources (time, frequency, or
space), or they may transmit and receive simultaneously in the same frequency band.
By analogy with cellular networks, the latter is denoted as (inband) full-duplex ISAC.

The full-duplex ISAC scenario is abstracted in Figure 1.5. The ISAC system of
interest transmits a joint radar and communication signal. On the one hand, this
signal first reaches other transceivers, which can decode the communication carried
by the ISAC waveform. This communication link is named downlink, by analogy
with the cellular denomination. Then, the signal is reflected on the environment,
also comprising the other transceivers, and it is received at the ISAC system of
interest. On the other hand, the other transceivers simultaneously transmit their
own joint radar and communication signals (or simply communication signal if
it is compatible with the receiver), which are also received at the ISAC system of
interest. This communication link is named uplink, again by analogy with the cellular
denomination. It is assumed that the same frontend is used for both functions. This
applies for monostatic and multistatic configurations. Additionally, especially in
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Full-Duplex ISAC Scenario
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Fig. 1.5 Representation of full-duplex ISAC scenarios. The downlink and uplink
transceivers may be the same or different network nodes, or they may also be con-
sidered as radar targets. Interference arising from other-non compatible systems is
omitted for the sake of clarity.

monostatic configurations, self-interference from the transmitting to the receiving
antennas can occur. Additional interference from other non-compatible systems is
also present. It is not illustrated for readability.

Consequently, from the radar perspective, the useful signals to decode are the
radar echoes from the environment. The interference comprises the self-interference,
the interference from other non-compatible systems, and the communication
uplink signals. At the opposite, from the communication perspective, the useful
signals to decode are the transmitted ISAC waveform. The interference comprises
the self-interference, the interference from other non-compatible systems, and
the radar echoes. Note that full-duplex scenarios encompass both coexisting and
co-designed systems, as the interference between both functions arises from another
communication or ISAC system. In this thesis, the self-interference is neglected, as it
is not specific to ISAC scenarios, but to full-duplex systems in general. It has also
been extensively studied for ISAC, and it is usually mitigated through EM isolation,
beamforming, analogue and digital interference cancellation, or other techniques
[Baq+19; Mor+22; Liu+23; ZMS18; ZMS18]. The self-interference cancellation
problem is even combined with a power allocation problem in [Che+23] to maximise
both radar and communication performance.

Three examples of full-duplex scenarios are shortly developed here:
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Full-Duplex V2X Scenario: In V2X scenarios, a vehicle equipped with an ISAC

system may detect targets, e.g. other vehicles, User Equipments (UEs), e.g. cyclists
and pedestrians, or obstacles, while simultaneously receiving communication signals
from other vehicles, or from the infrastructure. The opposite is also possible: an RSU
may detect targets while simultaneously receiving a communication signals from
vehicles, UEs or other RSUs. In both cases, the ISAC system of interest suffers from
interference coming from other vehicles, RSUs or UEs. In this thesis, such scenarios
are often be considered for illustration, as further detailed in Section 1.2.

Full-Duplex Indoor Scenario: In indoor scenarios [Jia+18; Sto+21], an Access

Point (AP) equipped with an ISAC system may serve and track UEs, while receiving
simultaneously communication signals from other APs, and the same or/and other
UEs. The AP is suffering from interference coming from other APs and/or other UEs.

Full-Duplex Crowd Sensing Scenario: In crowd sensing applications [Sto+23],
a Base Station (BS) equipped with an ISAC system may serve and track multiple UEs.
The BS is simultaneously receiving data from another macro-BS or from the UEs. The

BS is suffering from interference coming from other BSs and/or other UEs.

1.2 Research Questions, Content and Contributions
of the Thesis

This thesis is divided in three parts, tackling joint radar and communication challenges
at three different scales. V2X scenarios are considered at the vehicle, street or city level,
as they well illustrate the faced challenges, as shown in Figure 1.6. Yet, in most of the
cases, the obtained results are generalisable to other applications. Numerous research
questions, which are subparts of the three questions raised at the start of this Chapter,
are considered in this thesis. Those are related either to the modelling or the perfor-
mance evaluation of JCAS, at the link or system level. This is summarised in Figure 1.7.

Part I focuses on the link level. Leveraging on the EM theory, the radiation and
propagation mechanisms involved in ISAC applications are analysed from scratch.
This encompasses the transmission from radiative elements, the propagation in
free-space, the reflection on obstacles or targets, and the reception by other radiative
elements. Owing to the increase of the carrier frequencies and number of antennas,
the usual radar and communication models of the literature should be adapted, to
encompass additional propagation effects. For instance, with large antenna arrays,
the spherical wavefronts cannot be assumed to be planar. Moreover, the dimensions
of the obstacles or targets become electrically large w.r.t. the signals wavelength
and the considered distances. Thus, such analysis enables to develop accurate
radar and communication channel models. More specifically, Chapter 2 starts from
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Joint Radar and Communication at Different Scales
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Fig. 1.6 Joint radar and communication at different scale, and structure of the thesis.
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Fig. 1.7 Summary of research questions considered in this thesis. The acronym SG
stands for stochastic geometry.
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the Maxwell’s equation to obtain at the end expressions of the EM fields radiated
by source distributions. The different propagation regions, namely the near- and
far-field, are also detailed. Then, Chapter 3 leverages on Chapter 2 to obtain the radar
and communication propagation models usually considered in the literature, and to
study how they are related to each other. More specifically, for the radar function,
the limits of these models are highlighted, and extensions are developed to overcome
these restrictions. Experimental measurements are also presented. Besides, as new
models for the received power are developed, the associated signal processing must
be adapted. This is the focus of Chapter 4, which follows the approach of Chapter 3
to analyse how it is possible to develop accurate expressions of the received signal,
and leverage on the propagation effects, which were neglected with usual signal
models from the literature, in order to increase the sensing performance. All these
results find for instance an application in automotive radar systems: let us assume
that two vehicles are following each other. The vehicle behind is equipped with an
ISAC system at its front. Thanks to the novel EM-based signal models, the back of
the next vehicle ahead is abstracted, and the power of the radar echo is accurately
estimated, enabling to well predict the achieved performance, and design the system.
Then, the distance to the next vehicle ahead is estimated with an improved accuracy.

The estimation of radar and communication performance is critical for the design
of ISAC systems. With the accurate radar and communication propagation models
developed in Part 1, it is possible to estimate the received radar and communication
power levels, given the location of the transmitting and receiving nodes, and the
location of the target. Thus, with the help of the Stochastic Geometry (SG) framework,
it is possible to evaluate average system performance through averaging over random
distributions of network nodes, targets, and/or obstacles. This may be done either at
the street level, or considering a complete city. Though, relevant performance metrics
are required to perform an accurate assessment. These are the objectives of Part II.
First, Chapter 5 summarises the foundations of SG. Then, Chapter 6 details usual
performance metrics for both sensing and communication. Yet, a joint evaluation of
the capabilities of both functions is interesting to model the interactions between
sensing and communication, especially in full-duplex scenarios. Such metrics enable
for instance to perform unconstrained optimisation of the network parameters, or
to evaluate the performance of one function conditioned on a given requirement
for the other. Consequently, JCAS performance metrics are also defined. In this
chapter, those are evaluated in an V2X scenario at the street level: let us again assume
that two vehicles are following each other. The vehicle behind is equipped with
an ISAC system at its front, enabling to simultaneously receive a radar echo from
the next vehicle ahead, and a communication signal from the infrastructure. The
joint metrics enable to predict how the system will perform, and for instance to
optimise the transmitted powers, maximising the achieved performance. Still, the SG
framework requires numerous assumptions in the system model. Hence, ray-tracing

10 |



Research Questions, Content and Contributions of the Thesis | 1.2

simulations are also performed to assess the accuracy of the obtained results. Finally,
rather than considering one single street, Chapter 7 analyses networks in a city scale.
At this level, the complete infrastructure may be able to cooperate, and additional
complex interference mechanisms must be taken into account. Therefore, the sensing
and communication performance metrics defined in Chapter 6 are extended to
handle cooperation for both functions between the nodes of the infrastructure,
with a complex system model comprising interference from direct links, reflections,
diffractions, and building penetrations. Further optimisation is also performed.

Unfortunately, the main drawback of the SG framework is the trade-off between
the accuracy of the system model, and the complexity of the mathematical expressions.
Either many assumptions are made to simplify the model and obtain tractable results,
at the price of less accurate results, or a complex model is considered, and the
mathematical results are often intractable. Therefore, Part IIl makes a step backward,
to focus again on full-duplex vehicular scenarios in a street at the link level, but
studied thoroughly outside the SG framework. In such applications, the radar and
communication functions interfere with each other, and this interference must be
mitigated. A first answer to this issue is the interference cancellation. Leveraging
on the information carrier by the radar or communication signals, cooperation
between both functions may enable to enhance the overall performance of the
system. A second answer to the inter-function interference is beamforming, with
multi-antenna systems. If the radar targets and communication transmitters are
separable in the spatial domain, each function is enabled to focus only on the
signal of interest. First, for the development of these two solutions, Chapter 8
details two popular radar- and communication-centric ISAC waveforms, namely the
phase-coded FMCW, and the OFDM modulation. Then, Chapter 9 is dedicated to the
interference cancellation algorithms. A first insight of the performance improvement
achieved with interference cancellation was provided in Chapter 6. However, the
high level of abstraction required by the SG framework limited the accuracy of
the evaluated radar and communication performance. Hence, leveraging on the
specific processing for the waveforms presented in Chapter 8, multiple interference
cancellation schemes are proposed, namely at the radar, communication, or at both
functions, in static and dynamic scenarios. Finally, regarding the beamforming
solution, Chapter 10 analyses multiple beamforming algorithms, depending on
the number of radar targets and communication signals. The optimisation of the
beamformers is performed for a specific objective function, namely the product of the
Signal-to-Interference-plus-Noise Ratios (SINRs) of all radar and communication links,
which ensures fairness between both functions, for every target and communication
signal.

Figure 1.8 summarises the structure, content, and contributions of this thesis.
Before starting the first part, two additional sections are provided in this chapter,
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Summary of the Thesis Content and Contributions

( K - N\
Part I: EM Theory for Sensing and Communication
g N
Chapter 2: From Maxwell's Equations to Radiated Fields
Radiated EM fields from current distributions
Near- and far-field propagation regions )

( - . N
Chapter 3: EM-Based Radar and Communication Propagation Models
Usual radar and communication propagation models
Novel radar cross-section modelling for near- and far-field

Experimental measurements

. J/
(" . . X i 2
Chapter 4: EM-Based Multistatic Near-Field Sensing
Multistatic reflection model
Range estimation in the near-field region
. /
- J/
V- o 0
Part II: Large-Scale Analysis of ISAC Networks
(" i N
Chapter 4: Stochastic Geometry Framework
Mathematical tools from stochastic geometry for wireless networks
( . ! N
Chapter 5: Joint Performance Metrics for ISAC Networks
Usual radar and communication Performance Metrics
Joint performance metrics for sensing and communication
Comparison with ray-tracing )
( . . )
Chapter 6: Communication and Sensing Performance of Cooperative
Networks in Poisson Line Processes
Cooperative communication and sensing metrics
Modelisation of interference mechanisms at the city level
- N ))

(Part III: Interference Management in Full-Duplex ISAC Scenarios h

(Chapter 7: ISAC Waveforms )
Description of the phase-coded FMCW and OFDM ISAC systems )
(Chapter 8: Interference Cancellation for Full-Duplex ISAC Systems
Interference cancellation at the radar or communication function
Iterative interference cancellation
Interference cancellation in dynamic scenarios y
(Chapter 9: Fair Beamforming for ISAC systems )
Fair optimisation metric for sensing and communication
Beamformer design for multiple scenarios
A s ))

Fig. 1.8 Structure and summary of the thesis content. The contributions are high-
lighted in green.
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acting as useful reminders for the three parts. First, Section 1.3 describes how single-
antenna channel models are derived for both functions from a signal processing
perspective. Then, Chapter 1.4 quickly reminds numerous usual performance metrics
for the radar and communication functions. Some radar metrics are further detailed,
as they are often considered in the following chapters.

1.3 Single-Antenna Channel Models for Communi-
cation and Sensing

Let us consider a signal sgr in radio-frequencies, such that

B B
dB,f. suchthat S(f)=0 Vfi[fc—g,wc+5,

where B and f; are respectively defined as the bandwidth and carrier frequency of
the signal. For narrowband signals, one can moreover assume that B << f;. The
equivalent complex baseband representation s of such signal is defined as

sre(£) £ Re {s(t) eﬂ”fcf} .

The transmitted signals are usually expressed in their equivalent complex baseband
representation to simplify the mathematical analyses.

In this section, usual channel models for communication and sensing are presented.
In a first time, single-antenna systems are considered. The multiple-antenna channel
models are further discussed in Sections 4.2 of Chapter 4.

1.3.1 Single-Link Channel

Considering in a first time a single link of time-varying delay 7, (t), attenuation ay,
and phase shift i, the received signal is written in radio-frequencies as

ugr(t) = Re {ao eVos(t — 1o(1)) eﬂ”ﬁf(t’r"(m} ,
leading to the following signal in complex baseband representation:
u(t) = ag eMoe /2 s(t — 74(t)). (1.1)
One may develop the time-varying delay 7,(t) as
v

.
w(t) = 2 - 2,
C C
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where r is the total travelled distance, and v, is the resultant of the velocities pro-
jections on the link. This includes the velocity of the transmitter and receiver, but
also the velocity of the obstacles or target. Following the convention of the radar
community, the sign of vy is supposed to be positive when the link is shortened.
Inserting this expression in (1.1) gives

u(t) = ag eIV0 eI fe QI et ((1 - 0—0) t— r_o) ~a e s (t—g),  (1.2)
c c
where fo = fz vo/c is the Doppler frequency of the link, 7o = ry/c is the (initial) delay,
and

ay = ag e’Voe I2mfemo,

The approximation supposes that the speed vy is small compared to the speed of light.
This enables to neglect the distortion of the signal induced by the movement of the
target. Since the phase shift and attenuation of the channel are usually supposed
to be unknown, the additional phase shifts induced by 7, cannot be distinguished
from ). Thus, all the attenuation and phase shift terms are included in the complex
coefficient ap.

The channel can be modelled as a linear time-variant system, and the correspond-

ing channel impulse response is given in Box 1.1. Equation (1.2) is therefore obtained
by convolving the transmitted signal with the channel impulse response:

u(t) = /h(t, 7) s(t — 1) dr.

1.1: Single-Link Single Antenna Channel Model

h(t, 1) = ap /08 § (1 — 1)

1.3.2 Multi-Links Channel

Equation (1.2) can be extended by assuming that the environment is modelled as a
sum of Q single links, each with their own attenuations, phase shifts and delays. It
leads to the following received signal in baseband:

0-1
u(t) = Z ag el s (t—194) . (1.3)
q=0

The complex coefficient a, potentially merge the attenuations and phase shifts of
multiple clustered links, with comparable delays and Doppler frequencies.
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One can again model the channel as a linear time-variant system and write the
corresponding channel impulse response as in Box 1.2. In the sensing context, this
channel model is named single-point targets channel model, as the environment is
discretised in a set of Q points, each representing a target.

1.2: Multi-Link Single Antenna Channel Model

0-1
h(t,7) = Z aq eJ27fogt § (T _ Tq)
q=0

1.4 Communication and Sensing Performance Met-
rics

Numerous performance metrics have been created to evaluate the performance of
communication and sensing systems. On the one hand, for the communication
function, one may namely cite from [SBC20] the rate or capacity, energy efficiency,
coverage, exposure, latency, and Bit Error Rate (BER). These metrics are often related
to the SINR of the communication link. On the other hand, for the radar function,
some performance metrics are the detection, misdetection, and false alarm probability,
Cramér-Rao lower bound of the estimates of the targets parameters, resolution in the
range, Doppler, and angle domains, ambiguity function, and estimation rate [Bli14].
These are also often related to the SINR of the radar link, or the characteristics of the
radar waveform.

Different definitions of these metrics are encountered, depending on the con-
sidered framework. For instance, they are redefined in Chapter 6, specifically for
the SG framework considered in Part II. In the other parts of this thesis, the BER is
considered for the communication function. For the radar function, the detection and
false alarm probability, ambiguity function, CRB and resolutions are analysed. Thus,
these metrics are detailed in this section.

1.4.1 Ambiguity Function

The ambiguity function is critical for the design of radar waveforms. It is helpful to
characterise many quantities, as for instance the resolution in the range and Doppler
domains or the sidelobes level.

1.4.1.1 Single-Point Single-Target Delay-Doppler Estimation

Let us consider a single-point single-target channel model with one target of delay
7, and Doppler frequency fp. Following (1.2), for a transmitted signal s of energy Es,
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the received signal in baseband is written as
u(t) = a Pt s (t = 1) + w(p),

where « is a complex coefficient, w is an Additive White Gaussian Noise (AWGN) of
variance o2, Assuming that the parameter « is unknown, the maximum likelihood
estimation problem of the target parameters, jointly with the unknown parameter «a,
is written as

. 2
%, fp, @ = arg min /’u(t) —aeJZ”ths(t—z')‘ dt
7.fo.a Jt
= arg min 2|a|*Es — 2Re {a* /u(t) e 1Pt ¢t (1 — 1) dt} ) (1.4)
7, fp.a P

First, from the second term, since Re {z} < |z| Vz € C with the equality achieved
when z € R”, the phase of « is estimated as

arg {a} = arg {/u(t) e~shot g (t-1) dt} .

Then, minimising (1.4) after inserting the estimate of the phase of «, the delay and
Doppler frequency are estimated as

/ u(t) e 2Pt g (t — 1) dt

t

T, fD = arg max
T,fD
When the couple of values (7, fb) is tested, neglecting the noise terms, one compute

oC

)|

a/s (t-1)s" (t - 7) ¢l g,

where the function y; is named ambiguity function of the waveform s. Its expression
is given in Box 1.3. From the Cauchy-Schwartz inequality, one may show that
|xs(7, )] < |xs5(0,0)| ¥z, fo. Therefore, the ambiguity function is maximised at the
location of the target in the delay-Doppler map.

1.3: Ambiguity Function

xs(z. fo) = /ts (t)s* (t—1) e /2Pt gt

An ideal ambiguity function would be a Dirac function, i.e. (7, fp) = §(7)0(fb),
as it would enable to perfectly distinguish targets in the delay-Doppler map, while
achieving a perfect accuracy, thanks to the absence of sidelobes and the infinitely
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thin mainlobe. Such function would be achieved by transmitting infinitely a white
noise. However, in practical systems, some tolerance w.r.t. the location of the target
is required, to be more robust against delay and Doppler mismatches.

1.4.1.2 Ambiguity Function of a Rectangular Pulse

Let us define the normalised rectangular pulse as

T
s(t):in(t”),

Vi o\ T

where the function I is the non-centred rectangular function, defined as

H( ) 1 fo<x<1,
x) =
0 otherwise.

For 0 < 7 < T, the ambiguity function of the normalised rectangular pulse is computed
as

xlefo) =7 [

T | z
t+ 2 I t—-7+ 2 e—]Zn’ﬁ)t dt = l / 2 eijn'th dt
TJ) 14

T T
1 hr eI (T-1) _ o=ynfo(T-7)
=—e
T J2rfo
= e /mhT (1 - E) sinc (fDT (1 - 1))
T T/}

Similarly, for —T < 7 < 0, the ambiguity function is computed as
t+ L t—r+1 1 [t
2 2 —J2nfot _ —J2nfpot
I J dt = = dt
T ) ( T )e i/

1 gy BT (T
T 27 fo

= ¢ /7T (1 + %) sinc (fDT (1 + %)) .

Therefore, combining the two cases, one obtain Box 1.4. This gives a triangular func-

r(ef =7 [0

tion w.r.t. the delay, modulated by a sinc function for non-zero Doppler frequencies.
The amplitude of Box 1.4 is illustrated in Figure 1.9.

1.4.2 Resolution

The resolution is defined as the capacity to distinguish two targets in the delay, Doppler
or angle domain. The resolution is directly related to the width of the mainlobe and
the level of the sidelobes of the ambiguity function, as the parameters of the targets
are extracted from the latter. Similarly to the computation of the bandwidth, the
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1.4: Ambiguity Function of a Normalised Rectangular Pulse

e~/mhT (1 - %) sinc (fDT (1 - l—;')) for —-T<t<T

0 otherwise

xs(7, fo) =

Ambiguity Function of a Rectangular Pulse

l)(s(T, fD)'

Fig. 1.9 Amplitude of the ambiguity function of the normalised rectangular pulse.

resolution has been defined in multiple ways mathematically. The simplest definition
is to consider the location of the first zero of the ambiguity function. This is named
the Rayleigh resolution.

1.4.2.1 Rayleigh Resolution of a Rectangular Pulse

The delay and Doppler resolution of the normalised rectangular pulse are computed
from its ambiguity function, which has been obtained in Box 1.4.

Delay resolution: For the delay, the first zeroes of Box 1.4 along the delay-axis are

computed as

Ixs(T,O)I=1—|—;|=0 o rosT

Therefore, the Rayleigh resolution of the delay is §; = T. This result may be related
to the Rayleigh bandwidth of the rectangular pulse, i.e. the inverse of its duration.
Therefore, the delay and range resolutions are obtained in Box 1.5.
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1.5: Delay and Range Resolution

The expression ¢/2B is also applicable to many other waveforms. Still, for the
rectangular pulse, the pulse bandwidth and duration are related to each other, and the
pulse duration also affects the transmitted power. This issue can be overcome thanks
to the pulse compression technique, which is presented in Section 8.1.1.1 of Chapter
8.

Doppler resolution: For the Doppler, the first zeroes of Box 1.4 along the Doppler-

axis are computed as

1

|Xs(oafD)| = sinc (fDT) =0 & fD = if'

Thus, the Doppler and speed resolutions are obtained in Box 1.6.

1.6: Doppler and Speed Resolution

1.4.2.2 Limitation of the Rayleigh Resolution

Depending on the shape of the ambiguity function, the Rayleigh resolution may be
misleading. For instance, the ambiguity function may quickly drop to a small value,
and reach zero only at large distance from the centre of the main lobe, as it will
be encountered in Chapter 4. Therefore, looking at the first zero of the ambiguity
function is not representative of the capacity to distinguish two targets.

One may instead define the resolution as the width of the main lobe at the
location where its amplitude has decreased by x dB. This is named the x dB-resolution.
For instance, for the particular case of the rectangular pulse, the Rayleigh resolution
is equal to the 3 dB-resolution. Nonetheless, the 3 dB-bandwidth is not equal to the
Rayleigh bandwidth, as it is approximately equal to 0.886/T for a rectangular pulse of
duration T.

In summary, the Rayleigh resolution gives easily a first insight of the capability
to distinguish two targets for most ambiguity functions. Otherwise, when the first
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Resolution vs Accuracy

One Target Two Targets
i
1.0 1 1.0 1 i
0.8 A
[ (]
e ©
2 0.6 2
a a
£ S
< g4 <
0.2 1
0.0 1 : TEE A : 0.0 +—— T LR :
0 2 4 6 8 0 2 4 6 8
Range (m) Range (m)

Fig. 1.10 Difference between resolution and accuracy. The positions of the targets
are illustrated with black dashed lines. In the left plot, one target is located at x = 4.3
m. In the right plot, two targets are located at x = 4.2 m and x = 4.8 m.

zero is not indicative of the width of the main lobe, one may instead consider the x
dB-resolution to better assess this capability.

1.4.2.3 Resolution and Accuracy

The resolution should be distinguished from the accuracy, as they are often mixed
in the literature. The accuracy denotes the error between the estimated and the true
target parameters, whereas the resolution denotes the capacity to distinguish two
targets. For a given sampling, increasing the resolution usually also increases the
accuracy. Still, the accuracy can also be artificially increased by interpolating the
delay-Doppler-angle map, e.g. with zero-padding, but this operation does not affect
the resolution. The distinction between resolution and accuracy is highlighted in
Figure 1.10. The Rayleigh resolution of waveform is equal to 1 meter. In the left plot,
thanks to the interpolation, the accuracy is increased of 0.3 meters. However, in the
right plot, the interpolation does not enable to distinguish the two targets.

1.4.3 Cramér-Rao Lower Bound

Let us denote by f(x; 6) the Probability Density Function (PDF) of an observation
vector X, given a set of P parameters @ € RY. The Fisher information matrix I € RP*P
is defined as

32
00,00,

[1(8)];; = -E log f(x;0)|.
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The Cramér-Rao Lower Bound (CRB) is defined as the minimum variance any unbiased
estimator 0, of the parameter 6, = [6], can achieve [Ra092]:

B[16,°] = [T 0],

The maximum likelihood estimator is efficient, i.e. it achieves the CRB when the
number of observations tends to the infinity.

It is usually supposed that, even if it is not always the case, the lower the CRB of
a parameter, the better the accuracy of the estimators of this parameter. Therefore,
this is a popular metric in the radar literature, for instance to evaluate the impact of
the system parameters on the performance of the target parameters estimation.

1.4.4 Detection, Misdetection and False Alarm Probability

Let us consider the output of the radar receiver before the detector. The radar detection
problem can be translated into a hypothesis testing on such output [Ric05]. For each
cell of the delay-Doppler-angle map computed by the receiver, one can define the
following two hypotheses:

= Hypothesis Hy, i.e. there is no target within the cell.
= Hypothesis Hj, i.e. there is a target within the cell.

The cell under study is named Cell Under Test (CUT). Given the output of the radar
receiver and the decision which is made, one defines

m The detection probability as the probability to suppose that there is a target
when there is a target in the CUT.

m The misdetection probability as the probability to suppose that there is no target
when there is a target in the CUT.

m The false alarm probability as the probability to suppose that there is a target
when there is no target in the CUT.

In order to decide which hypothesis is true, one should select a criterion to define
the optimal choice. There are multiple options, as for instance the Bayes optimisation
criterion, which assigns costs to every possibility. Nonetheless, the most popular
option in radar is the Neyman-Pearson criterion [Ric05].

1.4.4.1 Neyman-Pearson Criterion

The Neyman-Pearson criterion is a special case of the Bayes optimisation criterion.
It maximises the detection probability under the constraint that the false alarm
probability does not exceed a given threshold. Therefore, depending on the application,
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one may select a low (resp. high) threshold to ensure a low (resp. high) false alarm
probability, but at the price of a low (resp.high) detection probability. As it will be
confirmed in Section 1.4.4.2, both probabilities are decreasing with an increasing
threshold, and a trade-off should be made depending on the system requirements.
For the false alarm probability, owing to the high number of cells and measurements,
values in the range of 107 to 1078 are common [Ric05].

1.4.4.2 Additive White Gaussian Noise Model
The simplest model for the value x of the CUT is

{w under H,
X =

A+w under H; ’

where A is the complex amplitude generated from the radar echo, and w is assumed
to be an AWGN with variance o2, Let us denote by y the required threshold. Looking
at the magnitude of the CUT, under Hy, the value x is Rayleigh-distributed, and the
false alarm probability is computed as

o? Yz

2 -z -
PFAzIPx(Ix|ZY|HO)=/ —e wdu=e .
y Ow

Therefore, for a given false alarm probability requirement, the threshold y can be set

y =+/-0% log Pra. (1.5)

For the detection probability, the value of x under H; is Ricean-distributed. It follows

as

that the detection probability is computed as

ooz u+\A\2 2A
Pp =B, <|x|>y|H1)—/ Leon 10( | '”) v

where [ is the modified Bessel function of the first kind and order 0, and Q; is the
Marcum Q-function of order 1. It may also be expressed using (1.5) as a function of
the Signal-to-Noise Ratio (SNR) of the CUT, and the false alarm probability, as given
in Box 1.7. This function, also named Receiver Operating Characteristic (ROC), is
illustrated in Figure 1.11, for different SNRs.

From the properties of the Marcum Q-function, it is known that Q;(x,y) is a
strictly increasing function of x and a decreasing function of y. Therefore, for a given
false alarm probability requirement, the higher the SNR, the higher the detection prob-
ability. However, decreasing the false alarm probability requirement also decreases
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1.7: Detection Probability (AWGN Model)

Pp =01 (\/2 SNR, \/—2 log PFA)

Detection vs False Alarm Probability
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Fig. 1.11 ROC for different SNRs.

the detection probability.
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Part I

Electromagnetic Theory for Sensing
and Communication






From Maxwell’s Equations to
Radiated Fields

This chapter is an introduction to the electromagnetic radiation theory, widely inspired
by the electromagnetic-related courses given by the Prof. Oestges and Prof. Craeye, which
I thank warmly. Other resources that helped me to write it are [BH11; Bal99; ISU15;
Orf16; Kil15], with a special mention for [Orf16] which is a very clear and pedagogic book.

HE EM theory is the foundation of mostly all the electrical engineering disciplines.

In this chapter, the fundamental concepts of this theory which are useful for the

next chapters are presented. First, the Maxwell’s equations are introduced, and the

wave equation is derived in free-space. The particular cases of plane and spherical

waves are then presented. For plane waves, the reflection and transmission on a

planar interface are detailed. Finally, the radiated fields from an arbitrary current

source are computed, and the different propagation regions, namely the near- and
far-field, are defined.

2.1 Maxwell’s Equations

The Maxwell’s equations are the root of the EM theory. They provide the electric
fields E and D, and magnetic fields H and B, depending on the charges, currents, and
other fields. The electric and magnetic fields are related to each other in an isotropic
medium by the permittivity € and permeability u of the medium:

D=¢E, B=pH. (2.1)

The Maxwell’s equations can be expressed in integral or differential form, and are
summarised in Box 2.1. In the electric and magnetic Gauss’s laws, S is a closed surface
and V is the volume enclosed by S. In the Faraday’s and Ampere’s laws, C is a closed
curve and § is the surface enclosed by C. The quantities p and J are the total electric
charge and current density. The current density can be decomposed into an imposed
current_]imp and a conduction current:

J = Jimp + GE5
where o is the conductivity of the medium. By combining the Ampere’s and electric
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2 | From Maxwell’s Equations to Radiated Fields

2.1: Maxwell’s Equations
Gauss’s law (D): #D-dS:M pdv s V:-D=p
S v

Gauss’s law (B): #B-dS:O S V-B=0
S

d 7}
Faraday’s law: }{E-dl=——‘/]B-dS & VXE=-—B
Cc ot JJs ot

7] 7]
Ampere’s law: fH~ﬂ=ﬂJ.ds+_ﬂD.ds & VxH=J+-—D
c S at Js ot

Gauss’ laws, one obtain the equation of charge conservation:

__9 g9
fras=-2 [ = w--2

Finally, when there is a change of medium, boundary conditions can be derived
from the Maxwell’s equations. Denoting by é, the normal unit vector pointing from
medium 1 to medium 2, they are expressed as

én - (DZ - Dl) = Pss é, X (EZ - El) =0,

(2.2)
én-(By—By) =0, éy, X (Hy —Hy) =J,.

In these conditions, ps and J, are the surface charge and current density at the interface
between the two media.

2.2: Maxwell’s Equations (Frequency Domain)
Gauss’s law (D): #D-dS=[// pdv & V:D=p
S Vv

Gauss’s law (B): #-B-dS:O S V-B=0
S

Faraday’s law: %E-dl:—jw'[/B-dS & VXE=—juB
C

S
Ampere’s law: %H-dlz‘//J-dS+]w//D-dS & VXH=]J+jwD
C S S

It is often convenient to express the Maxwell’s equations in the frequency domain.
Denoting by j the imaginary unit and w = 27 f the angular frequency (with f the
frequency), the Maxwell’s equations in the frequency domain are given by Box 2.2.
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The equation of charge conservation becomes

#}dSz—]m[//pdV & V- J=—jop,
S vV

and the boundary conditions remains unchanged. Note that, in the frequency domain,
the permittivity and permeability in (2.1) could be expressed as frequency-dependent
complex quantities, to account for losses in the medium. This will be further discussed
in Section 2.3.3. In the following sections, every quantity will be considered in the
frequency domain, unless specified otherwise.

2.2 Free-Space Propagation

In free-space, there is no charge or current density, and the Maxwell’s equations in
differential form can be rewritten as:

V-E =0,

V-H =0,
VXE =—jouH,
VX H = jwekE,

with €y and gy the free-space permittivity and permeability. Knowing that
Vx(VxZ)=V(V-Z)-V?Z, (2.3)
the wave equation is obtained by combining the four Maxwell’s equations in free-space:

VX (VXE) = V(¥~E) - V’E = —jouy(V x H) = w’euE,
V x (Vx H) = V(¥-H) — V2H = jwey(V X E)

wzeoﬂoH.

Defining the wave speed as ¢ = 1/+/€oflg and wave number by k = w/c, it is rewritten
as Box 2.3.

2.3: EM Wave Equation in Free-Space

(V2+kHE=0
(V2+kHH=0

Two particularly important solutions of the wave equation are the plane and
spherical waves. Their expressions are summarised in Box 2.4, and they are illustrated
in Figure 2.1. In these equations, k = k &, is the wave vector, and r the position in
Cartesian coordinates.

| 33



2 | From Maxwell’s Equations to Radiated Fields

Plane Waves Spherical Waves
ey éu eyA é7‘
E E
=4 H A H
4
’
’
g r
4
k r
é, €
> >
é, €.

Fig. 2.1 Plane and spherical waves.

2.4: Plane and Spherical Waves

Plane waves: E =Ey e/ K7, H = H, e*/ k¥
E H

Spherical waves: E= 2 gkl — 20—kl
[Ix]l Izl

Inserting the electric field expression in the Faraday’s law, using the vector identity
VX(fZ) = fVXZ+(Vf)XZ, (2.4)

one can find for plane waves that
H= j (Veif ‘”) X By + ¢/ 57 (Y xEp)
0

= wipo(ﬁ:u) X (Eoeiﬂ”) =

(¥é,) XE,

= | e

where 1 2 +/p/€p is the free-space impedance. This shows that the magnetic field is
perpendicular to the electric field and the direction of propagation. Its amplitude is
related to the electric field amplitude through the free-space impedance. The same
development can also be performed for spherical waves:
] et klirll eI Kllrll
H=— [(V—) X Eo + ——— (Y-xEj)
WHo 7l 7l
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=(L_ J )(¢L)X(Eeijknrn)
wpo  oper )\ Il Il

= % (1 - é) (¥é,) XE,

where &, = r/||r|| is the radial direction of propagation. This shows that the magnetic
field is again perpendicular to the electric field and the direction of propagation. For
large kr-products, the j/kr term is negligible, and the same expressions are obtained
in both cases. Note that this does not always hold for non-omnidirectional sources, as
the fields amplitudes are also functions of the direction of propagation with spherical
waves. One can also execute the same development by inserting the magnetic field
expression in the Ampere’s law, leading to

E=nHX (Fé,),

for plane waves, and

E=r;<1—é) Hx (¢,),

for spherical waves. Finally, assuming large kr-products and using the vector identity
aXx(bxc)=(a-c)b-(a-b)c, (2.5)
the following equalities are obtained:

ExH =Ex (% () xE*) - % [(E-E') (+¢,) - (EA=&) E'] = gwéu)
= (1 H x (¥&,)) X H' = n [(H- H)(¥&,) - (H7&) H| = g[H[(7¢,).

The different relations between the electric field, the magnetic field and the
direction of propagation for plane and spherical waves (assuming kr >> 1) are
summarised in Box 2.5. In the next sections, the forward propagating solution is
considered, and the positive sign of the expressions is used.

2.5: Relations between E, H and &, (Plane and Spherical Waves, kr » 1)

H=- (¥é,) XE

= |-

E=nHXx (¥¢,)
. _[EP 2 pon
ExH :T("‘eu):’?lHI (¥ey)
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2.3 Plane Wave at a Planar Interface

In a first time, a lossless dielectric planar interface between two media 1 and 2
is considered, with permittivities, permeabilities, impedances and wave numbers
€1, 1, 1, k1 and €, piz, N2, k2. The normal unit vector pointing from the medium 1 to
the medium 2 is denoted as &,,. The different fields and their associated wave vectors
are expressed as follows:

Incident fields: E'1 = Eio e Jlar H = Hio e Mlar
Reflected fields: El =E], e KT, H] =H], e ki,
Transmitted fields: E, = Ey e /X, H, = H}, e ke,

Let us define the incidence plane as the plane spanned by the incident wave vector
k] and the normal unit vector &,. Two different polarisations are considered:

m The Transverse Magnetic (TM) polarisation, also named p-polarisation, for which
the magnetic field is perpendicular to the incidence plane and the parallel to
the interface. The electric field therefore lies in the incidence plane.

m The Transverse Electric (TE) polarisation, also named s-polarisation, for which
the electric field is perpendicular to the incidence plane and the parallel to the
interface. The magnetic field therefore lies in the incidence plane.

Other polarisations, named Transverse ElectroMagnetic (TEM), can be decomposed as
a linear combination of the TE and TM polarisations, as shown in Section 2.3.5. Thus,
it is not required to study the other cases.

For the following developments, without any loss of generality, let us orientate
the Cartesian coordinates such that the incidence plane is the (x, z)-plane, and the
normal unit vector &, is equal to é,. The considered setup is shown in Figure 2.2. The
position vector is thus expressed as

r=x6€&,+2ze,,

and the wave vectors as

ki = kicosO] & +k;sin0] é,,

r
ki
k,

—ky cos 0] éx + ky sin 6] &,

ko cos 0y €, + kysin 0, é,.

In these equations, 0{ and 0] are the angles of incidence and reflection, and 60, is the
angle of transmission. The angles are all defined regarding —é, for the first medium,
and the é, for the second medium.
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TM Polarisation TE Polarisation

M1, €1
H2, €2

) H2, €2 )

Fig. 2.2 Transverse electric and magnetic polarisations.

2.3.1 Transverse Magnetic Polarisation

For the TM polarisation, the electric and magnetic field amplitude vectors are written
as

El, = —Ej,sin6; éx + Ej,cos 0 &, Hi, = -Hj, é,,
r oo roa r roa r r oA
El, = —Ej,sin0] é, — Ej,cos 0] &, Hj, = -Hj, &,
E2 = —Ezo sin 92 éx + Ez() Cos 92 éz, Hzo = —Hz() éy.

On the one hand, applying the boundary condition of (2.2) on the tangential
electric fields at the interface (x = 0), one obtains:

~ . ) o o P
Eyq cos 0, e 7kezsinbz _ Ej,cosfie Jkyz sin 0 + Ef,cos0] e Jkizsin 0 —

In order to find a solution which holds for any value of z, the phase of the three terms
must be equal, leading to the law of reflection and the law of Snell-Descartes of Box 2.6.

2.6: Law of Reflection and Snell-Descartes

Law of reflection: 6! =67

Law of Snell-Descartes: ki sin 9{ = ky sin 6,

Following these two laws, the boundary condition of (2.2) on the tangential electric
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fields at the interface becomes
Ey cos 0y — Eio cos 0 + E7, cos 6 = 0. (2.6)

where 0; = 6! = 7. In another hand, applying the boundary condition of (2.2) on
the tangential magnetic fields at the interface (x = 0) and leveraging on Box 2.5, one
obtains: )
; E E, Ej

Hy-Hi,-H,=0 o =2_10_TW_, (2.7)
Combining (2.6) and (2.7), one obtains the Fresnel reflection and transmission coefficients
of Box 2.7 for the TM polarisation. These coefficients can also be expressed in terms
of the incidence angle only by computing

2
c0592=\/1—sin292=‘f1—(%) sin® 6, = ll—yl—?sinzel. (2.8)
2 H2€2

2.7: Fresnel Reflection and Transmission Coefficients (TM Polarisation)

= cos0; —nycosd
Reflection: Ry = -2 = I 112 2
El, micos0y+nzcosb,

By 215 cos 0;

Transmission: TimM = — =
E}, nmicos 01 + 12 cos 0,

2.3.2 Transverse Electric Polarisation

For the TE polarisation, the electric and magnetic field amplitude vectors are written

as
E}, =E}, &y, H}, = —Hj,sin 0] é, + Hj,cos 0] &,
r o _pr a ro_ T o roa r roa
Ely =Ej €y, H}, = —Hj,sin 0] & — H{,cos 0] &,
Ezo =E20 éy, H20 = _HZO sin 92 éx + HZO Cos 62 éz.

On the one hand, applying the boundary condition of (2.2) on the tangential electric
fields at the interface (x = 0), one obtains:

Ey — Eiy — Ejy = 0. (2.9)

On the other hand, applying the boundary condition of (2.2) on the tangential magnetic
fields at the interface (x = 0), one obtains:

_ ; ; P in 6 _ in o’
Hyg cos 0y e /*225in02 _ [ cos 9F e=/Rzsin0i 4 [T cos 1 e7/MZsin0 = o,
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In order to find a solution which holds for any value of z, the phase of the three terms
must be equal, leading again to the law of reflection and the law of Snell-Descartes of
Box 2.6. Following these two laws and leveraging on Box 2.5, the boundary condition
of (2.2) on the tangential electric fields at the interface becomes

Hy cos 0y — Hfo cos 0y + Hj,cos0; =0
Ez 10 10
& —cosfy— —cosO;+—cosf; =0 (2.10)
2 m m
where 0; = 0{ = 0]. Combining (2.9) and (2.10), one obtains the Fresnel reflection and
transmission coefficients of Box 2.8 for the TE polarisation. Note that 71 = 1 + R1g
in that case.

2.8: Fresnel Reflection and Transmission Coefficients (TE Polarisation)

.
1 _ Hig  n2cos0; —nicost,

Reflection: RE=—=— =
Ei, H, mn2cos 01 + 11 cos 0,
. E  Ha 213 cos 0;
Transmission: I = — ===
El, Hj, nzcos 01 + 11 cos 0,

2.3.3 Reflection and Transmission with a Good Conductor

With a good conductor of conductivity o, surface currents generated on the interface
should be taken into account in the Ampere’s law:

VXH=]J+ jwD = (02 + Jwez) E = jwey ofE,

where the effective permittivity is defined as

2 92 . _,%2
Egeff = €2~ J— = —]—.
w w

This also leads to

Jo
Jk2 = Jofa€s et ® \Jopz02, and 1y = £ ,/G—uz
2

€2eff

Using the effective permittivity of the second medium, the Fresnel coefficients for both
polarisations in Boxes 2.7 and 2.8 are still valid. However, the law of Snell-Descartes
given in Box 2.6 is now also a complex equality, involving a complex transmission
angle. Equation (2.8) is thus developed as

€ NG
cosegz\/l— Aier sinzelz\/l—ﬂsinzﬁlﬂl.
H2€2eff H202
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Therefore, in a good conductor, the Fresnel coefficients are complex values, and
the transmitted wave propagates nearly parallel to the interface. Besides, for any
reasonably good conductor, the PEC assumption is an excellent approximation, as the
Fresnel reflection coefficients are very close to +1, respectively for the TM and TE
polarisation.

2.3.4 Physical Optics Approximation

The Physical Optics (PO) approximation is a popular method to evaluate the EM
fields reflected by an obstacle, enabling in some simple case to obtain tractable
analytical results, with a limited complexity. This approximation relies on the surface
equivalence theorem and the image theory, which will not be described thoroughly,
but summarised in this chapter.

On the one hand, the surface equivalence theorem enables to compute the EM
fields radiated outside a given volume by defining an equivalent problem. In the
equivalent problem, every current distribution comprised within the delimited region
are replaced by electric and magnetic surface currents on the surface of the volume,
such that the same EM fields are radiated outside. Those surface currents are defined
following the boundary conditions (2.2), in which the magnetic surface currents,
which are not defined in this thesis, must be introduced. Moreover, since the enclosed
volume is not the region of interest, Perfect Electric Conductors (PECs) or Perfect
Magnetic Conductors (PMCs) may be placed infinitely close to the inside surface of
the volume, without affecting the EM fields of interest outside the volume.

On the other hand, the image theory enables to compute the EM fields radiated
near infinite PEC or PMC planes, by instead introducing virtual electric and magnetic
source distributions. For instance, if a PMC is considered, the virtual electric current
distribution must be identical to the initial electric source, whereas the virtual
magnetic current distribution must be the opposite of the initial magnetic source.
Combined with the surface equivalence theorem, if a PMC plane is placed infinitely
close to the surface of the equivalent volume, the equivalent magnetic surface current
is nullified by its opposite image, whereas the equivalent electric surface current is
doubled.

Figure 2.3 illustrates the equivalent problems. The PO approximation works well
for electrically large scatterers!, for which the curvature is slowly varying, such that
the source can be assumed to be locally planar. Such approximation does not guarantee
the reciprocity, since the diffraction and other boundary effects are neglected, and
the shadow side of the target is not considered. With the PO approximation, the EM
fields reflected by a target can be computed by considering an equivalent electric

1Usually, the dimension of the scatterer is supposed to be larger than ten times the wavelength.
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Physical Optics Approximation

Initial problem Equivalent problem
E'"H | E'H" E=0 E" H"
H=0

b
T Js,'m,

Equivalent problem / Image theory

AN

3.3

|

with PMC
E=0 | E H E.H | E H
H=0
TJS JMJ
PMC —_—

T Js,m Js,mi T Js,m

Fig. 2.3 PO approximation. The quantities indexed by the letter m are magnetic
currents.
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surface current generated at the surface of the equivalent volume surrounding the
target, defined as
Js=2¢&, xH],

with €&, the normal unit vector pointing outside the volume. Yet, since the incident
EM fields are known, with the locally planar approximation, the equivalent surface
current may instead be related to the incident magnetic field through the Fresnel
coefficients of the target, as given in Box 2.9.

2.9: Equivalent Surface Current at the Interface

2 Rrm €, X H’1 (TM polarisation)
S RTE €, X H’1 (TE polarisation)

Besides, as described in Section 2.3.3, the PEC assumption is an excellent ap-
proximation. In that case, the Fresnel reflection coefficients are very close to +1,
respectively for the TM and TE polarisation, and both expressions of Box 2.9 thus
merge to give Box 2.10.

2.10: Equivalent Surface Current at the Interface of PECs

J,=2¢é, xH..

2.3.5 Transverse Electromagnetic Decomposition

One can be interested in decomposing a TEM plane wave into its TE and TM compo-
nents. To achieve that, let us define a basis 8 = {é” 1€ kll} such that

1. the first basis vector ¢ is parallel to the incidence plane,
2. the second basis vector €, is perpendicular to the incidence plane,

3. the third basis vector k! is the incident wave vector.

Owing to their definitions, the two first basis vectors can respectively be computed as

. kixe N
é = ————, ¢ =¢é, xki.
Ik x &l

Using these vectors, the incident electric and magnetic fields can thus be decomposed
into the TE and TM polarisations by computing their components in the basis $:

i (@i A\ 4 ioA Y 4 i L
El = (Ejp- &) & + (E}y-&.) &, + (Err=K)) k)
oo oA ioa
= Ejoy &)+ EypL €L,
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and

Hi, = (Hj, - &) &+ (Hj, - &.) &, + (HiK)) K

s i A i A
= Hjy €+ Hyg e

2.4 Radiation from an Arbitrary Electric Current
Source

In order to simplify the derivation of the radiated fields from an arbitrary radiating
electric current source, let us introduce the vector potential A, defined as

H=VXxA.
This enables to rewrite the Faraday’s law in free-space as
VX(E+jouA)=0 < E+jouA=-Vg,

where ¢ is an arbitrary scalar potential. Inserting this result in the Ampere’s law
when there is an electric current source, using Identity (2.3) one obtains

VxH= Vx(VXA) =J— jwey (Vo + jopuy A)
& V(V-A) - VA =] - joe Vo + k2 A
e (V+K)A  =-J+V(V-A+jwe ¢).

The scalar and vector potentials are not uniquely defined. One possible choice to set
these quantities is the Lorentz gauge, defined such that

V-A+joed=0 o $=-1(V-A).
WEyH

Using that gauge, the vector potential should satisfy
(V2+K*)A=-].

First, assuming a current point source J = J, §(r), the solution is given by A = G(r) J,,
where G is the Green’s function:

o Iklirl

drllx]l

Then, let us consider an arbitrary radiation electrical current source, as represented in
Figure 2.4. The vector potential generated by an arbitrary current density in a given

| 43



2 | From Maxwell’s Equations to Radiated Fields

Radiation from a Current Source

eyA

/
r—r
JL

Fig. 2.4 Radiation from an electric current source.

volume V is given by superposing the Green’s functions of each point source:

= /// Gr-r)J')dr = — //‘/q/ ||;k||r—lr|'||| J(x') dr'.

Finally, using Identity (2.4), the radiated magnetic field is computed as follows:
H=VxA

= i‘// [(VG(r-1")) xJ(x') +G(xr - 1) (VxFF))| dr

_]k”r r” J ) / d ’
//fv ”r-r/llz( k||r—rf||)(r_")”(") r

—jk|lx—r"| ] A ’ I
-/[[V [lx =1 ( k”r_r,”)euxj(l‘)dr,

where &, = (r —r’)/||lr — r’|| is the unit vector pointing from the source points to the
observation point. Let us define for readability

Kl
Gr-v)2? (1— J )

[l =]l klr — x|l

The radiated electric field is then obtained from the Ampere’s law in free-space as

E=--Lvx (VxA)
WE
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- 47m)60 /// G||1fr ||)( -1) xJ(x')| dr’

= —a (E1+ &)

The integrals £; and &, are developed as

£ = /// (Glfr__r,rli))x[(r—r’)x](r')] dr’

- Jkllr—r’| 3 5
) k[// (1_ - é, xJ(r')) x &,]dr’,
kI T L w e Ee o) L ) <l

///Gur(rr” Vx [(r=r) xJ()] dr’

/// s [J@) - V) (xr=1") = J(©) (V- (r —x'))] dr’

and

=4k
/[/ G|fr__r/r|i) [(x =TT - (r— 1) (L-H)) | dr’

/[/ e Jklr=r|l ( 1 J I d
2 - r’) dr'.
v lr=rf| \llr—r|  kfr—r|?

For large k||r — r’||-products, one can further simplify the expressions of the radiated
fields, obtaining Box 2.11. In these expressions, the component of the current density
J* perpendicular to the direction of propagation is defined as

JH() 2 (eu xJ(r) x &, =J(1') = (&, - (1)) &y

where the last equality is obtained by applying (2.5). Additionally, for k|jr — r’|| >> 1,
since the radiated fields are obtained as a superposition of spherical waves, the
magnetic field is perpendicular to the electric field, and both fields are perpendicular
to the direction of propagation. Therefore, the equalities of Box 2.5 are verified. The
radiated EM Fields can also be expressed in the time domain by applying an inverse
Fourier transform to the frequency-domain expressions, giving Box 2.12.

2.11: Radiated EM Fields (k||r — r’|| >> 1)

H(r) = —— ///V e||;k||r ,r ! &, xJ(r') dr
E(r) = Jknf/fve”;k”r ,r”uJ e
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2.12: Radiated EM Fields (Time Domain, k|[r — r’|| >> 1)

H(rt)———[// ',t—M dr’

are J)) ||r—r’|| c

E(r, t)———/// L r/,t_m dr’
are J)) ||r—r’|| ot c

Description of the Current Source

eyA

Fig. 2.5 Description of the electric current source.

2.4.1 Near- and Far-Field Propagation Regions

Let us define by O the origin of the Cartesian coordinate system, P’ an arbitrary
point of the current source, and Q the observation point. The vectors r’ and r defined
previously are respectively pointing from the origin to points P’ and Q. One may
now define another point P as the reference point of the current source. The vector
pointing from the reference point P to any point P’ of the current source is denoted
as p, and the vector pointing from the reference point P to the observation point
Q is denoted as R. Additionally, the largest dimension of the current source is
denoted as D. It corresponds to max(2p). These quantities are illustrated in Figure 2.5.

In order to compute the radiated fields in Box 2.11, a Taylor approximation of the
distance ||r — r’|| can be performed to simplify these expressions. Defining the angle
a as the angle between the vectors p and R, and denoting by p and R the norms of
these two vectors, the distance ||r — 1’| can be approximated as

2
[[r =] =\/R2+p2—2Rpcosa=R\/l+(%) —Zl%cosa
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Near- and Far-Field Propagation

Spherical wavefront Plane wavefront
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Fig. 2.6 Reactive and radiative near- and far-field regions.
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~R P 2 1 :

~R-pcosa+-—sin“a+ -—sin
2R 2 R

2txcosa+0(p4),

Assuming that a phase error up to /8 is acceptable in radiated fields:

= One can neglect the third order term if

)’ D3

3
k( < & R >0.62 -

E—Sinzacosa < —

R2 343 R?

where Ryp is the Fresnel distance.

&[T

£ RNF,

|8

= One can neglect the second order term if

2

—_
=
—

k p? k
—p—sinzasa

o r>2 . (2.11)
2 R AP '

<

®| 8

R

where Rpr is the Fraunhofer distance.

Based on that, two regions are defined, namely the near- and far-field, respectively
if the distance is smaller or larger than the Fraunhofer distance. In the far-field, it
is also assumed for the amplitude that ||r — r’|| = R, and é, = R/R. This enables to
rewrite the expressions of the radiated fields as in Box 2.13.

The near-field region can be further separated into two subregions, namely the
reactive near-field and the radiative near-field (or Fresnel region), depending on the
predominance of the reactive (i.e. the components proportional to ||r — r’||~3) or
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2.13: Radiated EM Fields (Far-Field)
k e~ JkR R
= —i—”—e = ‘/-:/[V ekPeu g, X J(r') dr’
kn e~ JkR R
p L /// P T () dr
4r R G

radiative components (i.e. the other components) of the fields. The limit between
both subregions is usually given by the Fresnel distance, or by 1/2x for very short
radiators. The different propagation regions are summarised in Figure 2.6.

From Box 2.13, one can define in the far-field the radiation vector of the antenna
by Box 2.14. The radiated fields in the far-field are generated by the transverse
components of the radiation vector. Using (2.5), the component of the radiation vector
perpendicular to the direction of propagation is defined as

Flé‘/// e/kPeu TR () dr.
Vv

This enables to rewrite the radiated fields in far-field following Box 2.15.

2.14: Radiation Vector (Far-Field)

F2 /// kP (¢ dr’
Vv

2.15: Radiated EM Fields from the Radiation Vector (Far-Field)

2.4.2 Poynting Vector and Antenna Characteristics

The Poynting vector represents the power density of the radiated fields. In the fre-
quency domain, it is defined in Box 2.16. For plane and spherical waves, assuming
distances larger than the wavelength, the Poynting vector is developed from Box 2.5
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2.16: Poynting Vector

as
[E* H|*

—e, =

2n u =1 2 u

Considering the radiated EM fields in the far-field, this expression can be further
developed using Box 2.15:

S =

JE e
327TZR2

The radiation intensity is defined as the power radiated by unit solid angle. De-
noting the surface element by dS = R2dQ, where dQ = cos #d0d¢ is the solid angle
element, it is defined in Box 2.17, where S is the norm of the Poynting vector, and
the dependence of F* with the angles has been written explicitly. From Box 2.17, the
total radiated power is computed as

Prag = //e,¢ U(6, ¢) dQ.

2.17: Radiation Intensity

Ub.¢) £ RS = =——3 Ly s

Based on the radiation intensity, the directivity is finally defined as the ratio
between the radiation intensity of the antenna compared to the radiation intensity
of an isotropic radiator. The gain of the antenna is related to the directivity, as it is
defined as ratio between the radiation intensity of the antenna compared to the power
accepted by the antenna P;. Both are expressed in Box 2.18. In these expressions,
the two powers P, and P;,q are different owing to the losses of the antenna. One can
invert the definition of Box 2.18 to compute the power density in any direction:

U(6.¢) _PG(6,¢) _ PraaD(0.9)

SETR T TmR T mRr (212)

Owing to that expression, the Effective Isotropic Radiated Power (EIRP) is therefore
defined as the transmitted power in the maximum direction:

EIRP = IIGI?ﬁXPtG(G’ ¢) = Igz(iﬁmedD(O, @). (2.13)
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2.18: Antenna Directivity and Gain

L4nU6,¢)  4n|FH(6,9)P
POP S T Jo [, E*(6.9)1? dodg
G(0,¢) = %ﬁa(ﬁ)

Until now, antennas in transmission mode have been considered. When an antenna
is operating in the receiving mode, the effective area is defined as the ratio between
the received power P; at the antenna terminal and the arriving power density Sinc. For
an antenna with a matched load, it is also related to the antenna gain (or directivity
gain if losses in the antenna are neglected) in Box 2.19.

2.19: Effective Area (Matched Load)

2
P _ % 5.

A S eh

One can also compute the voltage and current generated at the receiver from the
received electric field Ejp. thanks to the Lorentz reciprocity theorem. In particular, this
theorem states that the voltage generated at a first antenna by the EM fields radiated
by a second antenna, fed by a current source is equal to the voltage generated at
the second antenna by the EM fields radiated by the first antenna, fed by the same
current source. This means that the structure of the antennas and the environment
affect the transferred EM fields in the same way independently of the direction in
which they propagate. Therefore, antennas can be analysed in transmitting modes,
and reciprocity can be used for the receiving mode. As a consequence, denoting by
Zant and Zjo,q the impedance of the receiving antenna and the load, of the voltage
and current generated at the receiver are computed in Box 2.20.

2.20: Voltage and Current in Receiving mode

1
V. = T i Eine,
1

L=——— F
' (Za.nt + Zload)I

L
. Einc 0
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Radiation from a Linear Antenna

A

Fig. 2.7 Radiation from a linear antenna.

2.4.3 Hertzian Dipole and Uniform Line Element

Let us consider the linear antenna illustrated in Figure 2.7. The spherical coordinate
system is defined as

é, cosfcos¢p sin@ cosBOsing éy
ép |=| —sinfcos¢p cosf —sinfOsing &y
&y —sing 0 cos ¢ é,

The direction of propagation is &, = é,.

Multiple models for the current density flowing into the antenna can be considered.
The simplest models are the Hertzian dipole, which is a point source of electric current,
and the uniform line element, for which a constant electric current flows in the
complete antenna. With such radiative elements, the current density is given by

J) LI5(x') &y for a Hertzian dipole,
r)=
LI §(x)6(z) éy for a uniform line element.
In these expressions, I is the current flowing through the dipole, and L is the length

of the dipole. The length is assumed to be a fraction of the wavelength, i.e. L = A/n
with n € N. The Fraunhofer distance of such radiator is computed as

R 2L 2
FF = 1 _n2

In order to obtain an analytical expression of the radiative fields, it is also assumed
that kR >> 1. Therefore, the distance R is larger than the Fraunhofer distance, and
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the wave propagates in the far-field region. Defining p = y &,, the radiation vector of
the Hertzian dipole is computed as

Fsz/// eFYSINOLT §5(x') &, dr’ = LI &,.
Vv

For the uniform line element,

Fuig = /// MY §(y)5(2) &y dr’
%

L

z A L
= LI‘/_ e/kvsind gy = [ sinc (i sin 9) ey,

L
2

where sinc is the normalised cardinal sine. Using Box 2.17, the radiation intensity of
the Hertzian dipole and the uniform line element are respectively computed as

k*pLi2
Un. (0. ¢) = 2.7 O8 0,
k*nL?1? L
Uuie(6, ¢) = 3’;7 sinc? (z sin 9) cos? 0,

which is maximum for 6 = 0. Therefore, in both cases, the EIRP of these antennas is
identical, and it is given by

k*pL?r?
EIRPy, = EIRPyrg = pyat
T

The electric and magnetic fields are finally computed with the radiation vector fol-
lowing Box 2.15, giving Box 2.21.

2.21: Radiated EM Fields from Linear Antennas (Far-Field)

JkLI e~ JkR .
jknLI e~ kR .
R AL

In Box 2.21, the function f is the amplitude of the transverse radiation vector F*
for the considered current density distribution, normalised by the amplitude of the
current density:

IF| cos 8 for a Hertzian dipole,

il L (2.14)
LI sinc (Z sin 9) cos @ for a uniform line element.

2
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2.5 Complex Baseband Representation of Electro-
magnetic Fields

It is usually convenient to express the transmitted signals in their equivalent complex
baseband representation to simplify the mathematical analyses. Therefore, one also
want to express the EM fields in their equivalent baseband representations to relate
these quantities to baseband signals. Expressions of the time-domain radiated fields
in radio-frequency are provided in Box 2.12, involving the derivative of the current
density Jpr in radio-frequency, delayed by a delay 7. Such derivative can further be
developed as

d 9 .
5 JrE(t =) = - Re {JBB(t — 1) e/t )}
d
- ke {5 Jo (£ = 1) €U+ joo Jyp (£ = 1) e]wC(t_T)}
a —J]WcT wet
=Ret | = Jop(t = 1) + jooc Jgp(t —7) [ €770 ™0

The baseband representation of the delayed derivative of the current density is there-
fore given by

7] 0 _
a_JRF] (t-1) = (—JBB(t—T)+chJBB(t—T))e SOt
g ot
For narrowband signals, as B << f;, the first term with a magnitude in frequency

related to the bandwidth, is negligible compared to the second term with a magnitude
in frequency related to the carrier frequency:

d
[E JRF]BB (f) = J(@ + ) e )T Jop (f)  jooe e @07 Jun(f).

Defining k. = w./c, this enables to rewrite the radiated EM fields in complex baseband
representation for narrowband signals as expressed in Box 2.22.

2.22: Radiated EM Fields in Baseband (Time Domain, k|lr—r’|| >> 1, B << f)

e~ Jkellr=1']| _
H(r, t)——i“/// é, x]J r”t_u dr’
||r—r’|| c
||r—r’|| ’ ¢
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Electromagnetic-Based
Radar and Communication

Propagation Models

Most of the content of this chapter is inspired from [De +24al].

xPRESSIONS of the EM fields radiated by a given current source, i.e. a transmitting
E antenna, were provided in Chapter 2, which also defines useful quantities
to characterise the power received at another antenna. Thus, it is now possible
to compute the link budget of radar and communication links. Yet, for radar
applications, different models, namely the radar equation and Geometrical Optics
(GO) approximation, are widely used in the literature. At a first glance, they may
seem unrelated to each other, as they usually rely on incompatible assumptions,
leading to expressions of the received power which are contradictory with each other.
Thus, the aim of this chapter is to clarify how these models are related to each other,
and to develop novel radar propagation models overcoming their limitations.

In a first time, the usual radar and communication models are thoroughly described
in Section 3.1. Then, starting from scratch, the scattered fields by flat and curved
square plate are computed in Section 3.2. From, these expressions, the relation between
the radar equation and the GO approximation is highlighted, reconciling the two
models. Then, novel expressions of the radar cross-sections are obtained, and their
impact is analysed numerically in Section 3.3. Finally, experimental measurements in
an anechoic chamber are proposed in Section 3.4, to validate the radar cross-section
behaviour with the distance, carrier frequency and target geometry.

3.1 Radar and Communication Propagation Models

Multiple propagation models for radar and communication systems are used in the
literature. This section aims to summarise the most common models of the literature,
and to highlight their differences. On the one hand, for the communication function,
the Friis formula is widely used, and extended with complex path-loss models. On
the other hand, for the radar function, the radar equation is the most known and
extensively used model. Though, from the Ray-Tracing (RT) literature, another
propagation model based on the GO approximation is considered for reflections.
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Free-Space Communication Link
S

Fig. 3.1 Free-space communication link.

Pta Gt Gr Ae,r

R

3.1.1 Friis Formula and Radar Equation

Let us first consider a transmitting and a receiving antenna, with respective (maximum)
gains G; and G;, separated by a distance R. The transmitting antenna is fed by a power
P. This scenario is illustrated in Figure 3.1. As shown in (2.12), the power density at
the receiving antenna is given by

_ PBG. _ EIRP
T 47R? T 4mR%’

where the EIRP is defined in (2.13). The received power P, is then computed using
the effective area A, , of the receiving antenna, given in Box 2.19. Multiplying the
incident power density and the effective area of the receiving antenna, the expression
of Box 3.1 is obtained. It is known as the Friis formula [Fri46].

P.GG\?
(4m)2R?

P =5A,, =

Similar developments can be performed for radar applications. Let us denote by
R: (resp. R;) the distance between the transmitting (resp. receiving) antenna and the
target. The considered scenario is illustrated in Figure 3.2. The incident power density

S’ at the target is given by
_ PG EIRP

- 2 2"
4R 4Ry

i

Similarly to the effective area, the Radar Cross-Section (RCS) o of the target is then
defined, as the area intercepting the amount of incident power which would produce
the same received power at the radar receiver if it was radiated isotropically. It can be
expressed with the incident and reflected power densities S’ and S, or equivalently
with the incident and reflected electric fields E! and E’, as given in Box 3.2.
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Radar Link

s @ y -
) ///
A

Ry
Fig. 3.2 Radar link.

3.2: Radar Cross-Section

S Er 2
o2 4nR? = =4x R2 [E']
& E?

In order to obtain a distance-independent RCS, the dependence with the range is
often removed by computing instead
r | E" |2

ofr = lim 47zR2 S = lim 471R2
Ri,R,—x S Ry,R,— |Ei|2.

However, by taking the limit of the distance to the infinity, one forces the propagation
to occur in the far-field region.

The RCS is a widely used quantity which is in practice a complex function of
many parameters, e.g. as the target geometry, the properties of the material, or the
carrier frequency, angle and polarisation of the incident wave. In many applications,
the RCS is a key quantity to evaluate. For military purposes, aerial and terrestrial
vehicles require a low detectability, and the RCS is the parameter to minimise. At
the opposite, in automotive applications, a high RCS is beneficial to improve the
detection of other vehicles, pedestrians or obstacles.

The received power P, is finally obtained by computing the product between the
reflected power density S™ at the receiving antenna and its effective area. Using the
RCS of Box 3.2, Box 3.3 is obtained. This is the well-known radar equation [Ric05].
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3.3: Radar Equation

_ PthGr)LZO'
(47)3RER?

r

Full-Duplex JCAS Scenario

JCAS Tx/Rx

Communication Tx

Fig. 3.3 Full-duplex JCAS scenario. The ISAC system simultaneously receives a radar
echo from a target, and a communication signal from another system. The downlink
communication and interference sources have been omitted for the sake of clarity.

3.1.2 Propagation Losses for Radar and Communication

From Box 3.1, one can isolate the free-space losses in communication links as

PGG, (4nR\® 4n
Lpsc=—F—=|—") =

- ; = ), (3.1)

with the so-called propagation function equal to
I(R) = 47R?. (3.2)
A similar reasoning can be done for radar links in Box 3.3:

PGG, (47m)°R*R?  4x 5
L = = = — r . .
FS,R Pr AZO' /12 l(Rt) l(R ) o (3 3)

Comparing the losses for communication and radar links, the impact of the
wavelength is identical for both functions. However, an additional propagation
loss affects the radar echoes compared to the communication signals owing to the
travelled distance of the reflected wave.
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Power Ratio in Full Duplex Radar-Communication Scenarios
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Fig. 3.4 Radar echo power against communication signal power, for the same total
travelled distance R.

Let us consider the full-duplex scenario of Figure 3.3. In this scenario, a monostatic
ISAC system detects a target at a distance Rr, while receiving simultaneously a
communication signal from another ISAC system at a distance Rc. For the same
travelled distance R, i.e. Rc = 2Rg = R, the power ratio between the radar echo and
the communication signal is given by

2
Lpsg L (5) o= L(R) _ ”_Rz
Lgse L(R) 160 40

Therefore, for the radar echo power to be equivalent to the communication signal
power for the same travelled distance R, the RCS of the target must be close to 7R?/4.

Figure 3.4 illustrates this relation for RCS values of 0, 10 and 20 dBsm. Following
[Ric05], these values respectively correspond to the order of magnitude of RCSs for
humans, automobiles and jet airliners. To obtain equivalent radar and communication
power levels, the total travelled distance R must be comprised between 1 and
10 meters depending on the RCS of the target, meaning that in most practical
scenarios, the power of the radar echo is much lower than the power of the uplink

communication signal.

This conclusion would be valid if the RCS was independent with the distance,
which is not always the case in practice. As specified in Section 3.1.1, the RCS of
Box 3.2 is also a function of the distance, except in the far-field region. In order to
know if the far-field assumption holds, the Fraunhofer distance Rgr in (2.11) should
be computed. Regarding the dimension of the antennas, as they are often designed
w.r.t. the wavelength, the Fraunhofer distance is in most of the cases much smaller
than the considered distances between the transmitting and receiving radar antennas,
and the targets. This means that the transmission occurs in the far-field region of
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Fraunhofer Distance against Target Dimension
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Fig. 3.5 Fraunhofer distance against the target dimension, for different carrier fre-
quencies.

both antennas. However, as the incident power density is absorbed by the target,
one should also verify if the Fraunhofer distance of the target is smaller than the
distance between the target and the receiving antenna. Thus, since there is no
relation between the target dimension and the wavelength, one cannot guarantee
that the far-field assumption holds for the reflection.

Figure 3.5 shows the evolution of the Fraunhofer distance with the target dimen-
sion, for different carrier frequencies. Frequencies of 5, 24 and 77 GHz respectively
correspond to IEEE 802.11ac (and newer) Wi-Fi systems [13], and automotive radar
systems [20b]. At the automotive radar carrier frequencies, the Fraunhofer distance
is varying from meters to multiple hundred of meters, increasing quickly with the
target dimension. For a target dimension of 1 meter, corresponding roughly to the
back of an automobile or a truck, the Fraunhofer distance is way larger than the dis-
tance between the radar system and the target. This means that, at such frequencies,
the propagation occurs in the near-field, and the RCS is highly dependent with the
distance! Even at 5 GHz, the Fraunhofer distance increases quickly to a dozen meters,
which is comparable to large rooms dimensions, making the far-field assumption
questionable.

3.1.3 Geometrical Optics Propagation Model

The RT is a numerical method based on the GO approximation to compute the
propagation modelling of complex environment [MPM90]. Rays are obtained when
considering the high frequency approximation of the Maxwell’s equations. Under
that assumption, the propagation always occurs in the near-field region. From the
RT literature, the received power at the radar receiver is computed following Box
3.4 [YI15], where R is the Fresnel reflection coeflicient of the target at the specular
reflection point, assuming a given polarisation.
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3.4: Radar Received Power (GO Approximation)

p - PGGAIRP
" (47)? (R + Ry)?

In order to be consistent with the radar equation in the near-field, the RCS should
be equal to

RR. \*
o = 4r|R|? (RttT;?) . (3.4)
T

Therefore, in RT applications, the received power is modelled as a function which
decays with the square of the total travelled distance. This highlights the importance
to model correctly the RCS: with a constant RCS, the radar equation gives a received
power which decays with the product of the square of the back and forth distances
(fourth power).

3.1.4 Extension with other Path-Loss Models

In order to relate the path-losses of (3.1) to real-world measurements, free-space
losses have been extended in the literature into different path-loss models. One
proposition is the alpha-beta-gamma model [Sun+16]. For a distance R in meters and
a carrier frequency f in gigahertz, the path-loss is given by Box 3.5, where Ry = 1m
is a reference distance, fy = 1GHz is a reference frequency, and «,  and y are three
parameters to optimise w.r.t. measurements. In the particular case of @ = 2, y = 2 and
B = (47Rofy - 10°/c)?, Box 3.5 is expressed in natural values as

LR p = (R (rRefos 100\ (£)°_ (47RY
’ a R() C f(‘) - A ’
and the free-space losses model of (3.1) is recovered. Another common model is the

floating intercept model [Mac+13]. It is equivalent to the alpha-beta-gamma model
with y = 2.

3.5: Alpha-Beta-Gamma Model

[L(R, f)]as = 10a log,, (RE) + [Blas + 10y log,, (i)
0 fo

The presented path-loss models are common in the communication literature,
but they are less used in the radar literature. One example of such transformation is
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presented in [GLC21], which applies a two-way path-loss model to measurements
obtained with a monostatic radar to extract path-loss parameters for communication
links. Another example is [Cha+23], which performs an empirical path-loss modelling
for ISAC at 28 GHz. Additionally, this paper takes into account the variation of the
RCS with the distance in the near-field region, following the RCS model developed in
[Pou+06].

In this chapter, the Friis and radar equation are extended, based on the floating
intercept path-loss model, by replacing only the propagation function / of (3.2) by

I(R) = B R”.

In that case, the received powers Pc and Py at the communication and radar receivers,
respectively computed with the Friis formula and the radar equations, are rewritten

as
_ PthGrAZ _ PthGrAZO'

€~ 4z R’ R” 4x P RORE
Note that choosing f = 47 and a = 2 leads back to Boxes 3.1 and 3.3. With a modified

propagation function, the RCS definition must be adapted as well to take into account
the path-loss parameters, giving Box 3.6.

3.6: Radar Cross-Section with Arbitrary Propagation Function

(S |E"|*
— =R —
(1% |E! |

o= Ry

By only modifying the propagation function and not the complete path-loss model,
the impact of the propagation is isolated from the impact of the target and antenna.
Thus, the same path-loss parameters can be used for both the communication and
radar functions. Otherwise, if the complete path-loss function is modified for each
function, the alpha-beta-gamma model can be used, but different models are required
for each function, and the RCS model should also be integrated in the radar path-loss
function.

3.1.5 Radar and Communication Power Levels in the Literature

In the literature, when discussing the interference between the communication
and radar functions, one can often read multiple variations of the sentence: "the
radar interference power decreases with the fourth power of the distance, whereas the
communication signal power decreases with the square of the distance." This is the con-
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sequence of the analysis which has been performed in Section 3.1.2 with constant RCS.

For instance, [Adi+23] makes that assumption while studying the sensing
performance of channel-coded communication signals in an interference-limited
scenario. The interference mitigation performance in multi-hop cooperative
radar-communication vehicular networks is analysed in [AKW21], by defining the
radar SNR using the radar equation with constant RCS. The same assumption is made
in [Str+19] which uses the fractional Fourier transform coupled with an interference
mitigation scheme in a multi-user JCAS automotive scenario. Another framework
in which the radar equation is widely used is the sSG framework, which is the
main topic of Part II. Many examples which extensively use the radar equation with
constant RCSs in this framework are further described in Chapter 6.

Nonetheless, as described in Section 3.1.2, in most cases, a constant RCS could
not be assumed, and the radar echoes power levels aren’t decreasing with the fourth
power of the distance in the near-field. Distance-dependent RCS models are required.
This is further discussed in Section 3.1.6.

3.1.6 Near-Field Radar Cross-Section in the Literature

In the XX century, [TT97] already showed that the RCS of a sphere and a square
plate in the near-field region is dependent of the range and orientation of the
antennas. Two new definitions of the RCS are proposed in the near-field, as variations
of the radar equation. The monostatic and bistatic RCS in the near-field is also
analysed with a PO approach in [PD96]. Numerical examples for rectangular and
circular plates are also provided. It has been extended in [Pou+06], where complex
targets are decomposed into small triangular elements, such that each element
propagates in the far-field. A similar approach is proposed in [Leg04].

Following these works, multiple papers have analysed the RCS of targets in the
near-field. Namely, [Deb+09] and [Deb+10] compare numerical simulations and
measurements for rectangular plates with an oblique incidence at 24 GHz. Other
simple targets are analysed in [Td18] and [Cho+21]. Circular plates and cylinder
are evaluated numerically for the first. Sphere and cylinder are studied numerically,
and compared with measurements at 5.24 GHz for the second. The RCS of complex
targets, i.e. the back of a car at 77 GHz, are evaluated in [ER19]. From another
perspective, [Cho22] proposes to use the RCS model of [Cho+21] to develop a
procedure extracting the scattering matrix coefficients of the targets using analogue
beamforming.

Nonetheless, owing to the complexity of the RCS computation, most of these
works focus on numerical analysis and measurements. Instead, [Lah+20] proposes

| 63



3 | Electromagnetic-Based Radar and Communication Propagation
Models

three-dimensional computationally efficient models based on Fresnel integrals to
calculate the backscattering model of a rectangular plate. It also compares these
models to measurements at 28 GHz. This work is further extended in [Lah+22],
which leverages on the proposed models to evaluate the backscattered fields with
multiple oriented rectangular surfaces. Therefore, fully analytical expressions for
simple geometries are developed in Section 3.2.

3.2 Electromagnetic-Based Monostatic Radar Cross-
Section Model

In this section, an analytical model of the RCS of a rectangular plate is developed
from the EM theory. In order to obtain this result, the stationary phase approximation
is first introduced.

3.2.1 Stationary Phase Approximation

The Stationary Phase Approximation (SPA) is a useful method to approximate the inte-
gral of a rapidly oscillating function [Bor94]. For the sake of simplicity, the following
development is done in one dimension, but it is generalisable for multidimensional
integrations. Let us consider the following integral:

I= / g(x) eIV (%) dx,
Q

where Q is the integration domain, and g and i are respectively an amplitude and
a phase function. The phase function can be developed with its Taylor expansion
around a point x, as

d

Ix (x = x0)* + O(x*).

X=Xo

¥(x) = ¢(xo) +

X=X

With the SPA, the point x; is called stationary point, and chosen such that the first
derivative of the phase function is equal to zero:

4

=0.
dx

X=Xo

Denoting by ¢ the function 1 evaluated at xy, and by ¢/’ the second derivative of
evaluated at xg, the integral is then approximated as

I~ eV / g(x) e/2%0 (=x)* gy (3.5)
Q
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Next, assuming that the amplitude function g varies slowly compared to the phase
function ¢ in the vicinity of the stationary point, the amplitude function is taken out
of the integral:

I~ g(xo) e’ / e/ 29 (%) gy
Q

Finally, if the integration domain Q is large enough to contain multiple oscillations of
the phase function, or equivalently if "’ is large enough w.r.t. the boundaries of Q,
the second-order term of the Taylor expansion is assumed to be oscillating rapidly,
leading to successive cancellations. Therefore, expanding the boundaries of Q to the
infinity does not affect the result of the integration, and the integral is approximated

as
+oo 10 2 ]27{
I~ g(xo) U / e 2% (x0) (x=x0)* g5 = g(xo) U =,
—oo o
3.7: Stationary Phase Approximation

/g(x) V™) dx ~ g(x) eV / e300 (x=x0)?
Q Q

Jj2m

"

0

~ g(xo) Yo

The SPA is summarised in Box 3.7. Note that, even for limited integration domains,
the first approximation is still valid if the amplitude function is slowly varying in the
integration domain. In that case, the integral can be solved using the Fresnel integral,
defined as [Abr74]

X t2
F(x) = / /T dt, (3.6)
0

and illustrated in Figure 3.6.

Based on that definition, one can easily proof that

/abeﬂ’fz dtz\/g F(\/Z;b)—zs(\/%a)l (3.7)

Additionally, F(—x) = —F(x), such that, if a = —b,

b
/ efcfzdtz,/z—”F(,/ﬁb). (3.8)
-b c T

Furthermore, the SPA also requires the stationary point to be located in Q. Other-
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Fig. 3.6 Fresnel function.

wise, the value g(x) may not be suited to approximate the behaviour of this function
in the integration domain. Still, one may obtain a good approximation of the integral
if the function g is well approximated by a Gaussian function:

g(x) ~ go e

In that case, (3.5) can be rewritten as

5

v E ” ]l//// :
I ~ e]‘//O / 90 e§x2 e]%‘pé/(x*xo)z dx — g() ejlﬁo ez§+3¢6r Xg / e%(2§+ﬂ/’o )(x_ 2§+](:/,6r XU) dx
Q Q
where the second equality is obtained by using the following equality:
b\ ab
2 2 2
+b(x— =(a+b)|x—-— + — x;.
ax (x—=x0)°=(a )(x a+bx0) oy 0

That integral can also be solved using the Fresnel integrals and (3.7).

3.2.2 Reflection on a Flat Rectangular Plate

Let us now compute the field reflected by a flat rectangular plate. The system model of
Figure 3.7 is considered. A linear antenna located at (—R, 0,0) is facing a rectangular
plate S of dimensions D, and D, defined as

D D
5% {(x’y’z) eR'|x=0, Iyl < 2L |2l < 7}
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Reflection on a Rectangular Plate
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Fig. 3.7 Reflection on a flat rectangular plate (view from the z-axis).

The normal unit vector pointing towards the antennas is given by &, = —é,. The
spherical coordinate system associated with the antenna is defined as

é, cosfcos¢p sin@ cosBOsing é,
ép |=| —sinfcos¢p cosf —sinfOsing &y
&y —sin¢ 0 cos ¢ é,

One can compute the angle 6 and ¢ from the (x, y, z) coordinates as

sin ¢ - sinf = =

VR+x)?Z2+22 VR+x)Z+y2+2%
R+x V(R +x)2 + 22

Cosp = ——— cosf =

\/(R+x)2+zz’ \/(R+x)2+y2+zz'

3.2.2.1 Scattered Electromagnetic Fields

The characterisation of a Hertzian dipole or a uniform line element is detailed in
Section 2.4.3. Assuming that the transmitting antenna is one of these two options,
the incident EM fields at the surface of the plate are computed using Box 2.21:

; JkLI e~ /KK .
H = Ry f(0) &y,
. JknLIe kK .
E = _% = f(0) &. (3.9)

where the function f is defined in (2.14), and the distance R’ is defined as
R =+/R? +y% + 22,

The PO approximation enables to compute an equivalent surface current is gen-
erated at the surface S of the conductor from the incident EM fields following Box
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2.9. Using the TEM decomposition detailed in Section 2.3.5, the equivalent surface
current density generated at the plate is obtained by summing the surface currents
generated by the TE and TM components of the magnetic field:

Jo = 2R1m(6,¢) HL (&1 x &) —2Rre(6,9) Hj (& % &),

where Hj |, =H! - &, H{OII =H! - ¢, and
R €y X &, R €, X &,
e, = ———— el =T A
”exxer” ”exxer”

This expression may be simplified for good conductors by using the PEC approxima-
tion of Box 2.10:

; kLI e kK
JS=2H§><éX=—]—e f(0) cosgé,.
27

The perpendicular component of the surface current density is then obtained as

]kLI e IkR
27

s=)—0s-8) e =- f(6) cos¢ cos éy,

The reflected electric field is finally computed using Box 2.11 on the surface of
the rectangular plate:

E = JkU// = Jj(r)dr

k*nLl = z f(6) cosd cosf _
T SZZ /Dz /Dy %e R &y dydz, (3.10)

in which 6, ¢ and R’ are functions of y and z. Note that the results of Box 2.13 cannot
be used, as nothing ensures that the reflected EM fields propagates in the far-field of
the rectangular plate!

Solution in the near-field: Using the SPA of Box 3.7, the developments presented
in Appendix 3.A lead to the following approximation of the reflected electric field of
(3.10):

kgLl e kR 2, kg2
Erz—W e [Q e /R*? dz/ e /rY dye, (3.11)
2

k*nLI e 7?kR _ ;7R
T8 R kY
JknLI e 2kR
=—— ——¢,.
ar 2R Y

Bli>}

(3.12)
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This approximation holds if the amplitude function g is slowly varying in the
integration domain, and if the rectangular plate is large enough to contain multiple
Fresnel zones [And64]. Quantitatively, the Fresnel zone radii p,,, are computed as

k T 1
Epfnzmg S Pm = mAR,
Therefore, for a rectangular plate of dimensions Dy and D, the radii of the m first
Fresnel zones are comprised on the rectangular plate for distances R such that

_ min(Dy, D:)° Dy+D; Ry

- mA = omA 2m’

(3.13)

where Rgr is the Fraunhofer distance of the plate. Thus, the distance R is restricted to
be a fraction of the Fraunhofer distance of the rectangular plate, meaning that this
model is only valid in the near-field region of the plate.

By comparing (3.12) with Box 2.21, one may notice that the scattered electric field
in the near-field is equivalent to the electric field which would have been received
by an antenna located at a distance 2R of the transmitting antenna, with a phase
shift of 180° owing to the PEC assumption. The scattered power density is computed
following Box 2.16 as

& |E"* _ EIRP
2n 47 (2R)%’
where the EIRP is defined in (2.13). Multiplying this equation by the effective area of
the receiving antenna, the resulting power corresponds to the GO approximation in
free-space, presented in Section 3.1.3. Moreover, this is also valid if the transmitting
and receiving antennas are not aligned with the centre of the plate, as long as the
specular reflection point, and multiple Fresnel zones around this point, are still
included within the plate.

Solution in the far-field: Instead, in the far-field, for the carrier frequencies usu-
ally considered in radar applicataions, the distance R is large enough such that

2 (Dg +D§)

> >>y*+2%, VY(y,2) €S.

R >> Rgr =
Thus, the phase function of (3.18) can be approximated with a Taylor series as

2 + ZZ
¢(y, Z) = —-2kR 1+ yT

2, .2
~ —2kR 1+y +z R
2R?

giving back (3.19). Additionally, since the plate dimensions are assumed to be small
compared to the distance R, one can also assume that R” ~ R, 8 = 0°, and ¢ ~ 0° in the
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amplitude function of (3.17), leading again to (3.20). Consequently, this gives back
the integral of (3.11), obtained in the near-field. Nonetheless, the condition of (3.13)
is not fulfilled. Thus, the integral must be solved using the Fresnel functions.

Solution with Fresnel functions: As described in Section 3.2.1, if the distance

R is large such that the first Fresnel zones are not contained in the plate, but the
amplitude function g is slowly varying in the integration domain, one can still use
the first approximation of Box 3.7 and solve the integral using (3.8):

Dz Dy
2

k?nLI e~ J?kR ke T kg2, .
B~ R—/ e’ d/ e dyéy
-2 T2

k*nLI 2R 27R o kD}, e[ JkP2
~ - —_— — é
8r? R? k 27R 27R| Y
knLI e 72kR R R \.
=— s ) &y (3.14)
4T 2R Rrry Rpr .2

where Rpry and Rpg, are respectively defined as

A 2D‘!2J A ZDg
Rppy = - and Rpp, =

The function X is defined as

A * 1 2
ol (2

and it is illustrated in Figure 3.8. Note that, if the transmitting and receiving antennas
are not aligned with the centre of the plate, one may use (3.7) instead of (3.8), leading
to similar results. Moreover, for tilted plates, a rotation of the coordinate system
can be considered, the problem thus reducing to the case where the antennas are
unaligned with the centre of the plate.

The solution with Fresnel functions is valid for propagation in both the near- and
far-field regions. The function X has the following properties:

lirr%) (x) =-—y, (3.15)
1

lim X(x) = —. (3.16)

x—00 X

Consequently, in the near-field, one may inject (3.15) in (3.14), giving back (3.12).
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Fig. 3.8 Function X and the proposed approximation of Box 3.9.

Contrariwise, in the far-field, one may inject (3.16) in (3.14), leading to

knLI e 7R \[RepyRee, — knLI e /2kR .
/Reey Ry, €.

E" ~ éy = 5
4 2R R 81 R

The corresponding scattered power density is then computed as

|E’|2 EIRP
2n T (4 RZ)2

.
7 Rypy R¥F 2,

where the EIRP is again defined in (2.13). Multiplying this equation by the effective
area of the receiving antenna, the resulting power corresponds to the radar equation
of Box 3.3, assuming that the RCS is modelled as o = 7RpyRrr,. The expressions of
the reflected fields in the near- and far-field regions, and the novel model developed
in this section which encompasses both regions, are summarised in Box 3.8.

Approximation of the Fresnel function: In order to approximate the nor-

malised Fresnel integral defined in (3.6), while keeping the asymptotic properties of
the function, an approximation of the Fresnel function and the function ¥ is proposed
in Box 3.9. This approximation is represented in Figure 3.8. Such approximation for
the modulus may be extended for any natural number n > 2 to reduce the transition
region, giving Box 3.10.
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3.8: Reflected Electric Fields — Flat Rectangular Plate

jknLI e 2kR
~ é
ar 2R Y

_ knLI e J2kR

or R RrEy REF; €y

. knLI e7J%R R R\,
New Model: E’ ~ — > > &y
4r 2R Rer,y Ryr,,

Near-Field: E"

Far-Field: E"

3.9: Approximation of the Fresnel Function and the Function X

(NI

)
X =]
14 x2

F(x) = (i —2])_

2(x) ~

3.2.2.2 Radar Cross-Section

Regarding the RCS, on the one hand, one can apply the definition of Box 3.2 in the
near-field with (3.9) evaluated at the stationary point, and Box 3.8:

knLI\?
87R
knLI\?
4R
which is consistent with the RCS for RT applications, given in (3.4). This confirms
that a distance-dependent RCS model is required in the near-field to accurately model

the received radar power. On the other hand, the same can be done in the far-field
with (3.9) evaluated at the stationary point:

2
knLI
, (—8” 7 \/RFF,yRFF,z)

knLI\?
47R

o ~ 4nR? = ﬂRz,

o =~ 4nR = JTRFF,yRFF,v

3.10: Approximation of the Amplitude of the X-Function

S(x) ~ (1+x") s
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In that case, the RCS does not depend on the distance. The model of Box 3.8 is valid
in the near- and far-field, and makes the link between the two propagation regions.
The RCS is accordingly computed as

2
knLI 2 R R
N
o~ 47R? = 7R? Z(—)Z(—)
knLI Ryr,y Ryr 2

() |
o) ()

where (a) is obtained using the proposed approximation of Box 3.10. The expressions
of the RCSs in the near- and far-fields, and the novel model developed in this section,
are summarised in Box 3.11.

3.11: RCS Models — Flat Rectangular Plate

(a)

Rrr,
R

7 Repy REE,;

FF,y

Near-Field: o ~ 7R?
Far-Field: 0 ~ 7RrryRer;,
R R
New Model: o ~ 7R? |2 (—) > ( )
Rer y Ry 2

RFF, z

(5 ) ()

The new model is also generalisable with the extended path-loss model proposed
in Section 3.1.4: using Box 3.6, one obtains Box 3.12.

3.12: RCS Model — Flat Rectangular Plate and Extended Path-Loss Model

~ 7RpryRrr;

R

5
o~ 5 %y ()
2% Reg y Rrr .
B « Rery \" Ry, \" i
~ z_a(RFF,yRFF,Z)Z 1+ R 1+ =R

3.2.3 Reflection on a Curved Rectangular Plate

In practical scenarios, e.g. automotive applications, targets are complex objects
which are difficult to model analytically. In order to generalise the previous results,
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Reflection on a Curved Plate

Fig. 3.9 Reflection on a curved rectangular plate (view from the z-axis).

curvature is introduced in both dimensions. The system model of Figure 3.9 is now
considered. The curved plate Q is modelled through a well-behaved arbitrary function
h:RXxR—>Ras

Q{(xyz) el x = h(y, 2), |y|g%, IZIS%
> Ys h(0,0) =0, Vh(0,0)=0, VZh(y,z) =0

The third condition on the function A ensures that the considered surface is convex. It
is also assumed that the function h varies slowly w.r.t. the wavelength. Moreover, we
suppose that the principal directions of the target are aligned with the y- and z-axis,

ie. that

&*h &*h
(0,0) =
oyoz 0zdy

(0,0) = 0.

For instance, this assumption is verified for the specific shapes analysed in
Section 3.2.3.3. If not fulfilled, the integral obtained after applying the SPA may still
be solved by performing an adequate change of variables along the principal directions.

Compared to Section 3.2.2, the same spherical coordinate system and angles are
used. However, the distance R’ is now computed as

R =vV(R+x)?+1y2+22 =/(R+h(y,2))? +y? + 22,

The normal unit vector pointing outside the curved plate is now given by

a o 0h 4 o Ohg
—ext+ 9 eyt 5 &,

X ay
B

Jre (@)

é, =

¥l

74 |



Electromagnetic-Based Monostatic Radar Cross-Section Model | 3.2

3.2.3.1 Scattered Electromagnetic fields

The modification of the normal unit vector impacts the generated surface current
density, which is now computed as

f(9) (én X &p),

and its perpendicular component w.r.t. the direction of propagation as J} = J, — (J; -
é,) &,. The integral of the reflected electric field is expressed as

k*nLI = (0 ’
B =- 8:]12 /Dz Dy {1;,))2 T [(6n x &) — ((&n x &) - &) &] dydz
k?nLI f(g) -
- o / / @y ¢ (@n- e &0 dydz,

which gives back (3.10) for a flat plate, i.e. h(y, z) = 0. Using the SPA of Box 3.7, the
developments presented in Appendix 3.B lead to the following approximation of the
reflected electric field of (3.10) :

D

D
k?nLl e 72Kk 5 k. T ke
E o~ e 'R% dz e 'R Y dye
_D _D v
2

8712 R

2
k2nLI e~1%kR kD3 kD2
_kLie 2% R,R. F* Y |p* z éy
812 R k 27Ry, 27R,

quI e /R RZ .
\/ ey,

RFF y RFF,z

where R, and R, are defined as

R R
Ry2———, and R, 2 ———,
Y 1+RH, *  1+Rh/
and hi/ and h7 are the second derivative of h w.rt. y and z, evaluated at the stationary

point.

3.13: Reflected Electric Field — Curved Rectangular Plate

knLI e %R

Ry R, ).
S r VR 2(—)2( : )ey

E' ~ -

The electric field reflected by a curved plate is summarised in Box 3.13. With a
curved plate, it is not possible to predict the behaviour of the ¥ function in the near-
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and far-field regions, as the distances R, and R, adopt different behaviours depending
on the value of hj and h7.

3.2.3.2 Radar Cross-Section

Regarding the RCS, it is computed by applying the definition of Box 3.2 with (3.9)
evaluated at the stationary point, and Box 3.13:

Ry Rz
> () 2 ()
kpLI\?
4R

(1 ’ (Rzi_l;y)) (1 + (1%1:))]

where (a) is obtained using the proposed approximation of Box 3.10. This result is

2

k 2
(£25)" Ry

o~ 47xR? = RyR,

R R
() (]
Ryp,y Ryr .

(a)
~ 7 RyryREF;

summarised in Box 3.13.

3.14: RCS Model — Curved Rectangular Plate
R R
> )
Rrr,y Ryr .

() ()

Again, the proposed RCS model is also generalisable with the extended path-loss
model proposed in Section 3.1.4: using Box 3.6, one obtains

o~ TRyR,

~ 7 RpryRFE,

a
knLI\% % % Ry R,
(SHRZ) Ry2 R; 2 (RFF'y) z (RFF,z) ﬁ Ry R, i
o’zﬁRa = =—R|—|2|—
( knLI ) 2% Ryp,y Rer,,
47R

eI

This result is summarised in Box 3.15.

~ zﬁa(RFF,yRFF,Z)%

3.2.3.3 Application to Specific Shapes

Let us consider three specific target shapes, namely the cylinder, the sphere and the
paraboloid. The new RCS model of Box 3.14 may be considered to evaluate their RCSs.
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3.15: RCS Model — Curved Rectangular Plate with Extended Path-Loss Model

4

]

(24
2

R R
() (7)
Rer,y Ryr .

) )

o~ L (r,R.)

2@

~ zﬁa (ReeyReez)

Cylinder of radius a: With a cylinder of radius a >> D, the function h is defined

as
h(y,z) = a— Va? — 22

The second derivative of h w.r.t. y and z are respectively given by

&h .
a—yz(y,z)zo = hy=0,
h a? , 1
—az(y,z)z—é = h]=-.
74 (a2 — z2)2 a

Therefore, the distances R, and R; are respectively given by

R 1

R,=R, and R, = =
Y i+ R +

5

==
Q=

and the RCS is approximated following Box 3.14 as

> R b !

1
R n n ~n
i 1+ Ryr, N Ryr,
R R a

o~ TRyR,

~ 7 RepyREF,

Sphere of radius a: With a sphere of radius a >> max(D,, D), the function h is

defined as
h(y,z) =a—+a®—y? - 22.

The second derivative of A w.r.t. y and z are respectively given by

h a® - 2° , 1
—Y)=—— = h=-,
ay (a? — y? — 22)2 a
h a® - y? , 1
@(y,z)— (a2 — y? — 22)3 = K T a
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Therefore, the distances R, and R; are respectively given by

Ry:RZ: = S

and the RCS is approximated following Box 3.14 as

> ( 1 ) > ( 1 )
R, Rrr, Rer, |, Rrpz
T" + TY < + -

R R " Rrr,  Repg\" “u
1+ FFy + FFy 14 [ SR KR '
R a R a

Nonetheless, it may instead be more relevant to consider the integration of the surface
current on a disk of radius a instead of a square, to match the projection of the sphere
on the plane (0, y, z), and consider the complete visible surface. This is left for future

o~ nRyR,

~ 7 RpryRFF,,

works.

Paraboloid: With a paraboloid of curvature ¢, >> max(Dy,D;) and
c; >> max(Dy,D;) in the y- and z-dimensions, the function h is defined

as
2 2

z
h(y, 2) = -Z— + =
y z

The second derivative of h w.r.t. y and z are respectively given by

&*h 2
== = k=,
ady Ccy Cy
&*h 2 2
_ — h/l = —.
r (y: Z) c, = z C;

Therefore, the distances R, and R; are respectively given by

and the RCS is approximated following Box 3.14 as

1 1
o=~ R, R, |2 >
y=z Ry n 2Ry Rer + 2Rrr;
R cy R cz

Reey  2Rpry )" Ree,  2Rees\"\|”
1+ FFy + FFy 14 [R¥Ez | SRR }
R cy R c,

J=

~ 7 RepyRrF,
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Note that, with ¢, — oo and ¢, = 2a, the paraboloid exactly matches the cylinder,
and with ¢, = ¢, = 2a, the paraboloid exactly matches the sphere.

3.16: RCS Models — Specific Curved Geometries
R Z R Z
RFF,y % o, il

a

1
R n R R n ~n
1+ FF,y 1+ FF,z n FF,z
R R a
R K R A R 'z R 7

1
R R n "\
(1 . ( FEY FF,y) ) (1 N (RFF,Z N RFF,Z) )]
R a R a

Paraboloid R, R, |2 ! P !
arapoloia: O X T
y=iz Rrry " 2Rpry ReF + 2RrF;
R cy R cz

1
R 2R " Rrr,  2Rpr, \"\| "
0 FFy + FFy 14 Bz 2R ]
R cy R cY

The RCS models obtained for the cylinder, sphere, and paraboloid are summarised
in Box 3.16. Nonetheless, as discussed in Section 2.3.4 of Chapter 2, the curvature
or the target must vary slowly for the PO approximation to be accurate. Thus, the

Cylinder: o~ TRyR,

~ 7RpryRFF,;

Sphere: o~ mRyR,

~ 7 RppyREF,

~ 7 RepyREF,

approximation may be inaccurate, if the dimensions of the curved rectangular plate
are close to 2a. Moreover, the normal unit vector is fastly varying close to the edges
of the sphere and cylinder, which may affect the accuracy of the SPA.

3.3 Numerical Analysis

In this section, simulations are first performed to illustrate the analytical results
developed in Section 3.2. Then, an example of the impact of the different propaga-
tion models on the evaluation of sensing performance in an automotive scenario is
provided.

3.3.1 Evolution of the Radar Cross-Section with the Range, Fre-
quency, and Target Geometry

Figure 3.10 illustrates the evolution of the RCS against the range, frequency, i.e.
5 GHz (Wi-Fi frequencies), 24 GHz, and 77 GHz (automotive radars), and target
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RCS vs Range and Frequency for Different Target Geometries
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Fig. 3.10 RCS for different ranges, carrier frequencies, and target geometries. The
solid and dashed lines respectively represent the RCSs computed using the models of
Box 3.16 with n = 4.
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geometry, with and without the proposed approximation of ¥. The higher the
carrier frequency, the better the modulus approximation. It enables to filter out the
oscillatory behaviour of the Fresnel functions, while keeping intact the trend of the
RCS. However, at low carrier frequencies, when the far-field RCS is reached, an offset
is observed for curved targets.

Compared to the flat rectangular plate geometry, introducing curvatures in the y-
and z-axis modifies drastically the behaviour of the RCS:

(i) When ¢, << Rppy, ¢y << R, ¢; << Rppz, ¢; << R, the RCS is constant,
whatever the Fraunhofer distances.

(ii) When ¢, << R << ¢, or ¢; << R << ¢, by symmetry, the RCS is proportional
to the distance, until the Fraunhofer distances are reached.

iii) When R << ¢, and R << ¢, the RCS is proportional to the square of the dis-
y prop q
tance, until the Fraunhofer distances are reached. This is the case corresponding
to the rectangular flat plate.

At high carrier frequencies, the Fraunhofer distances are high compared to the
considered distances in indoor applications. This is also often the case in automotive
scenarios. Therefore, the modelling of the target has a huge impact on the radar
propagation model. The RCS is either constant, proportional to the distance, or pro-
portional to the square of the distance, depending on the considered range, frequency,
and target geometry.

3.3.2 Application to an Automotive Scenario

As it will be further discussed in Part II, average sensing and communication
performance metrics may be analysed using the SG framework. An example of such
study is [Fan+20], which analyses the performance of automotive radar systems in a
bidirectional multi-lane street. Instead of simply consider a constant RCS, they model
fluctuation by introducing a y?-distributed random variable, as suggested in the
Swerling I and III models [Swe60]. Random fluctuation models can be coupled with
the proposed radar propagation models by using the analytical models of Section 3.2
as the average RCS of the random variable distributions. The performance metric
under study is the radar success probability. It is defined as the probability that the
radar SINR is higher than a given SINR threshold, for a given distance. This metric is
further detailed in Section 6.1.2.3 of Chapter 6.

Figure 3.11 illustrates the success probability achieved with Swerling I
(exponentially-distributed) and Swerling V (constant) RCS fluctuations models, using
as average RCS a constant value, the RT RCS model of (3.4), or the curved plate
RCS model of Box 3.14, with and without using the approximation of Box 3.10. One
can observe that the selected radar propagation model hugely impacts the radar
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Success Probability with Multiple RCS Models
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Fig. 3.11 Success probability with multiple RCS Models. Swerling V and I RCS fluc-
tuations models are respectively considered in the top and bottom plots. The black
curves consider a constant average RCS, as in [Swe60]. The gray curves use the RT
model of (3.4). The blue, orange and green curves are obtained with the model of Box
3.14. Dotted and continuous lines correspond to exact and approximated RCSs.
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Parameters ‘ Values ‘
Vehicles density 10 km™!
Plate dimensions Dy=D,=1m
Number of lanes 5
Lanes width 3.6 m
Interference probability 0.01
Path-loss parameters a=2,f=4n
Carrier frequency fe =76.5GHz
EIRP 10 dB
Receiver gain G, =30 dBi
Antenna beamwidth 15°
SINR threshold 10 dB

Table 3.1 Parameters of the scenario for Section 3.3.2.

performance owing to the significant differences of received power, related to the
dependency of the average RCS with the distance. Additionally, the choice of the
curvature radii has also a huge impact on the achieved performance. Whereas a flat
square plate seems appropriate for trucks, the introduction of a curvature radius in
the y-dimension seems more suited to approximate the back of cars, and leads to
a large performance degradation. The RT model is close to the flat square model
since a high carrier frequency is considered, leading to a high Fraunhofer distance
compared to the radar-to-target distance. Additionally, for the selected configuration,
the model with a constant RCS of 30 dBsm also approximates well the model with
vertical curvature radius. Finally, the proposed approximation for the ¥-function
enables to efficiently filter the oscillation of the average RCS. These oscillations may
not be relevant for the evaluation of average performance in the SG framework,
owing to the high level of abstraction.

3.4 Experimental Measurements

RCS measurements have been performed in the anechoic chamber of the WELCOME
facility at UCLouvain. The five targets of Figure 3.12 have been considered:

1. A square flat plate of dimensions D, = D, = 5 cm.

2. A square flat plate of dimensions D, = D, = 10 cm.

3. A square flat plate of dimensions Dy, = D, = 1 m.

4. A cylinder of height D, = 1 m and radius a = 15 cm.

5. A sphere of radius a = 27.5 cm.
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| - ¥ Square plate §
Square plate P 10 cm Square plate
5cm By | 1m

Cylinder
@15cm x 1 m

Fig. 3.12 Considered target geometries for RCS measurements.
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RF Spin
H-A26-W15

Fig. 3.13 VNA PNA-X N5242B from Keysight, and horn antennas H-A26-W15 from
RF Spin, used for RCS measurements.

The measurements have been performed using a Vector Network Analyser (VNA)
PNA-X N5242B from Keysight, which enables to obtain the transmittance matrix
between two inputs at frequencies up to 26.5 GHz, with a transmitted power up to 10
dBm. This power level is sufficient for the considered targets to obtain echoes higher
than the noise floor, at the considered Intermediate Frequency (IF) bandwidth of 100
Hz. Thus, no amplifier has been used, to avoid any additional source of errors. The
antennas are two H-A26-W15 horns from RF Spin, operating at frequencies from 18
GHz to 26.5 GHz. A zoom on the VNA and the antennas is shown in Figure 3.13. Note
that additional absorbing foam is put between the VNA and the antennas during the
measurements, as a second reflection on the VNA arises for targets with a high RCS.
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Fig. 3.14 Antenna gain — setup and measurements.
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Fig. 3.15 Measurement setup with the square plate of 10 cm. Additional absorbing
foam is put in front of the boxes under the targets, and between the VNA and the
antennas for large targets, to avoid undesirable reflections.

3.4.1 Measurement of the Antenna Gain

The setup and the measurements of the antenna gain are illustrated in Figure 3.14.
Denoting by Sant the transmittance between the output and the input of the VNA, the
antenna gain G at a given frequency is computed as

c
[Gant(f)]dB =20 loglo [Sant (F)] =20 10g10 (m) 5
following the Friis equation of Box 3.1, with R, = 45 cm the distance between the
two antennas in Figure 3.14, and ¢ the speed of light. A 2-port calibration is carried
out with the cables only, so that the cable losses can be excluded.

3.4.2 Measurement of the Radar Cross-Section

The measurement setup is shown in Figure 3.15, with the square plate of 10 cm.
Additional absorbing foam is put in front of the boxes under the small targets to
avoid undesirable reflections. Moreover, for large targets, the same is done between
the antennas and the VNA, as the echo from the target is powerful enough to be
reflected a second time on the VNA.

For each target geometry and distance, the clutter transmittance Scpy is first mea-
sured by performing a measurement with the target removed from the experimental
setup, and it is saved in the memory of the VNA. Next, the transmittance S is measured
with the target, and the background is removed by the VNA. Thus, the data S — S¢ju
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is extracted for post-processing.

3.4.3 Post-processing

The received data consists on 501 points in the frequency domain, between 15 and
25 GHz (step of 20 MHz). The signal is first converted in time domain. Then, it is
filtered with a Hamming window of 41 points, centred on the peak of the dominant
path. This enables to further isolate the target response. Next, the RCS o is obtained
from the post-processed data S in the frequency domain by computing

[o]as = 2010g, |[S(F)] = [Gant(N]ap = [¥(H)as -

with y defined by the radar equation as

c2

y(f) = @R

where R is the distance between the target and the centre of the line connecting both
antennas.

3.4.4 Results

The RCS measurements performed for the five targets of Figure 3.12 are shown in
Figure 3.16. All the measurements are compared with the theoretical models of Boxes
3.11 and 3.14. Less than 0.5 dB of error is achieved for the square plate of 10 cm.
Though, for the other square plates, higher discrepancies are observed. For the square
plate of 5 cm, the RCS is overestimated, owing to the residual clutter after imperfect
cancellation, which is not negligible w.r.t. the useful reflection from the target.
Additionally, these differences can also be explained by the difficulty to calibrate
the positions and orientations of the antennas and the target. This applies for the
three square plates. For the cylinder and the sphere, the results of Box 3.16 are not
accurate owing to the high curvature radii of the targets, compared to the considered
distances. Additionally, the sphere is only approximated by a curved rectangular
plate. Other phenomena like creeping waves are also not taken into account.

Nevertheless, one can observe that the RCS is nearly independent of the distance
for the square plate of 5 cm, square plate of 10 cm, and the sphere, whereas it increases
with the distance for the square plate of 1 m, and the cylinder. The Fraunhofer distances
varies from 27 cm to 38 cm for the square plate of 5 cm, and from 107 cm to 153 cm
for the square plate of 10 cm. Thus, owing to the considered distances, this happens
in accordance with the theoretical models.
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Fig. 3.16 RCS measurements for different, distances, carrier frequencies, and target
geometries. The measurements and the theoretical RCSs are respectively represented
by solid and dashed lines, or by crosses and dots in Figure 3.16f. The acronyms SSP,
MSP, LSP, CYL and SPHR respectively refer to the square plate of 5 cm, square plate
of 10 cm, square plate of 1 m, cylinder, and sphere.
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3.5 Conclusion

Accurate propagation models are required to evaluate correctly the performance of
future radar and communication systems. Whereas the received power is usually
evaluated with the Friis equation for communication applications, the radar equation
and the GO approximation are two different popular models for sensing applications
which seems opposed to each other. In this chapter, these models have first been
thoroughly detailed. General path-loss models have also been introduced to enable
fitting with real-world measurements. Whereas the received power decreases with
the fourth power of the distance using the radar equation, it decreases with the square
of the distance using the GO approximation. The key quantity is the RCS in the radar
equation. Whereas it is usally supposed to be constant, this is only valid in the far-
field propagation region. However, numerous sensing applications, e.g. automotive
scenarios, are occuring in the near-field region, and distance-dependent RCS models
must be considered. Therefore, a focus has then been made on the sensing application,
and more particularly on the evaluation of RCS models in monostatic configurations.

3.5.1 Summary of the Contributions

The contributions of this chapter are summarised as follows:

m Using the SPA, closed-form analytical expressions have been obtained for flat
rectangular plate. Depending on the distance to the target, the target dimen-
sions, and the carrier frequency, the developed models unify the radar equa-
tion and the GO approximation. The near- and far-field conditions are high-
lighted mathematically, as they are required to respectively consider distance-
dependent and independent RCS.

m The analytical models have been extended for curved rectangular plate geome-
tries. The shape of the target can be arbitrarily defined as a continuous 3D
surface. This enables to efficiently model cylinders, paraboloids, and approxi-
mate spheres. The obtained results show that the curvature of the target around
the specular reflection point, i.e. the second derivatives of the shape function,
defines the behaviour of the RCS.

= The importance of good propagation models has been emphasised through
numerical analyses. More specifically, within the SG framework, the radar
equation has been extensively used with constant RCSs. In comparison with
the new models, huge discrepancies have been observed. Moreover, it has been
highlighted that the curvature has a huge impact on the RCS trend w.r.t. the
distance between the antennas and the target. Even in the near-field region
of the target, when curvature is introduced, the RCS is constant, or increases
proportionally with the distance, depending on the ratio between the curvature
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radii and the distance to the target, whereas it always increases with the square
of the distance for flat rectangular plates.

= Experimental measurements of the RCS have been performed for multiple target
geometries. For the square plate of 10 cm, the theoretical RCS model seems
promising, as errors less than 1 dB are committed in the considered carrier
frequency range. Nevertheless, even if large discrepancies are observed with
the other geometries, the dependency or the independence of the RCS with the
distance has still been highlighted.

3.5.2 Future Works

First, the experimental setup and the associated post-processing may be improved.
For instance, the alignment of the antennas and target orientations is difficult for
most targets, especially for the curved geometries. Moreover, the actual configuration
is quasi-monostatic. Therefore, a correction of the travelled distance may be
incorporated in the model, to improve the fitting between the theoretical expressions
the measurements. Besides, RCS measurements of realistic targets, e.g. the back of a
real vehicle, may be carried out, to evaluate at which extent the models developed for
similar simple target geometries are able to predict the evolution of the RCS with the
distance and carrier frequency.

Then, further investigations may be carried out for the development of analytical
expressions with the cylinder and the sphere. The fast variations of the normal
unit vector at the edges of the integration boundaries affects the accuracy of the
SPA. Moreover, for the sphere, the projection of the sphere on the y- and z-axis is a
disk, and not a square. Consequently, this also impacts the fitting of the theoretical
expressions with the measurements.

Finally, monostatic configurations have been analysed. Therefore, the extension
of the obtained results in multistatic configuration may be studied. This will for
instance be performed for flat rectangular plates in Chapter 4, as specified in Section
3.5.3. Yet, with multistatic configurations, the position of the stationary point may be
challenging to compute analytically, for curved geometries. Additionally, it may be
located outside the target, making difficult the evaluation of the RCS with the SPA.

3.5.3 What is Next?

This chapter was focused on radar propagation, or equivalently RCS models. Whereas
this is critical for the evaluation of sensing performance, the following approaches
can be extended in a signal processing perspective for performance improvements.
In this chapter, a highlight has been made on the near-field region, in which the
propagation models varies drastically compared to the far-field. Thus, this raises
multiple questions:
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1. Instead of considering the received power, could the proposed approach be

generalised to obtain accurate closed-form expressions of the received signals,
in monostatic or multistatic configurations?

How the obtained expressions compares to the usual near- and far-field signal
models of the literature? Moreover, if differences are observed, how the model
mismatches impact the achieved communication and sensing performance?

Is it possible to leverage on the specific near-field propagation effects, em-
phasised in the developed expressions, to improve the communication and
sensing performance? Furthermore, if it is possible, under which conditions
this applies?

Consequently, Chapter 4 tries to answer all these questions.
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3.A Stationary Phase Approximation for a Flat Rect-

angular Plate

Relying on the SPA presented in Section 3.2.1, the amplitude and phase functions are
respectively defined as

0 0
g(y.2z) = f()z)z# ép, (3.17)

U(y,z) = —2kR’ = —2k+/R? + y? + Z2. (3.18)

The stationary point is found by solving

W____ %y _,
%y VR +y? + 22 )= (0,0
aw ~ 2kZ 4 (y():Zo _( > )

= =0
0z ‘/R2+yz+zz

The second derivatives of the phase function are then computed as

Yy 2k(R*+7%) - >y ) = 2k
oy? (R? + 42 +22)2 oyt R’
7 2k (R? + ¢ o 2k
_520 =_(—y)3 = _2(0’0)=__’
0z (R +y% +22)? ay R
o 2k 7
y _ o ZYo=o

Yoz  (R? + y2 +22)1 ay

Therefore, around the stationary point, the phase function is approximated with a

Taylor series as
2, 2
U(y,z) ~ —2kR — k 2 - z. (3.19)

Regarding the amplitude function and the polarisation, at the stationary point, =0
and ¢ = 0, leading to

1,
g(0,0) = — &, (3.20)
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3.B Stationary Phase Approximation for a Curved
Rectangular Plate

Relying on the SPA presented in Section 3.2.1, the amplitude and phase functions are
respectively defined as

0
80.5) = =L e &)

Y(y,2) = —2kR’ = —2k~y/(R + h(y,2))? + 2 + 2%.

The stationary point is found by solving

oy __, YHIR+h2)] % w2 0
ET \/(Rm(y,z))“yzﬂz— _ y+ [R+h(5.2)] 3 (32) =0
Wy 2rRrh@ G 24 [R+h(y2)] Pz = 0
%2 JR+h(g.2)? +yP+2 %

The solution of this system of equations is not straightforward. Nonetheless, follow-
ing the Fermat stationary point theroem [MVMO09], the stationary point is the one
minimising the total travelled distance. Geometrically, it follows that the stationary
point is (1o, z9) = (0, 0). This is also confirmed mathematically with the system of
equations, as it is assumed that VA(0,0) = 0. One can check that, with h(0,0) = 0 and
Vh(0,0) = 0, the second derivatives of the phase function at the stationary point are

given by
Py
00 = [ (o o>]
2
0o =-%|1er 0],
21//(00)—2k h —(0.0)=0,

where the last equality is obtained when assuming that the principal directions of
the target are aligned with the y- and z-axis. Therefore, denoting by 7/ and h} the
second derivative of h w.r.t. y and z at the stationary point, the phase function is
approximated with a Taylor series as

k " k "
V(y,2) z—ZkR—E [1+Rhy]y2—ﬁ [1+ha]z2
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Regarding the amplitude function and the polarisation, at the stationary point, &, =
—&,, &, = &, and 0 = 0, leading back to (3.20):

1,
g(O, 0) = ﬁ ey.
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This chapter is a joint work carried out with Guillaume Thiran, which I thanks warmly.
Most of the content is inspired from [De +24b]. An extended version of this paper is in
preparation [De +24c].

OR emerging radar and communication systems, high carrier frequencies are
F considered. For instance, in automotive applications, frequencies in the 77-81
GHz band are now considered [20b]. Additionally, the 5G-New Radio (NR) standard
extends previous standards to use frequencies up to 7.125 GHz in a first instance, and
then rise up to 24.25 GHZ and 71 GHz [20a]. To further improve the performance of
both functions, the number of antennas is also increasing, leading to extremely large
antenna arrays [Ram+23]. From a signal processing perspective, multiple techniques
and algorithms are developed in parallel to support the novel near-field infrastructure.
For instance, cooperative nodes are envisaged, such that their capabilities can be
aggregated to enhance the overall network performance [AKN20].

Owing to the high carrier frequencies and large antenna arrays, the near-field
propagation region is enlarged. Indeed, whereas the Fraunhofer distance of one
antenna alone is still in the magnitude of the wavelength, the Fraunhofer distance of
the complete array is increasing with the array size. Therefore, the combination of the
plane waves transmitted by each antenna forms a spherical wave from the point of
view of the receiver. This is further enhanced with cooperative transmissions, as the
dimension of the complete network should be considered. For sensing applications,
the Fraunhofer distance of the target should also be considered for the reflection. As
shown in Chapter 3, at such frequencies, the reflection is nearly always propagating
in the near-field region of the target in most applications, e.g. automotive and indoor
sensing. Instead of modelling targets as points, one should take into account the
targets shapes and dimensions. Such applications therefore call for the development
of accurate near-field radar propagation models, and specific signal processing
algorithms leveraging on the additional propagation effects which are modelled.

This chapter focuses on the development of novel multistatic near-field prop-
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agation models, and specific signal processing leveraging on the near-field effects
to enhance the sensing capabilities. First, Section 4.1 summarises existing works
on near-field signal processing for communication and sensing. Then, Section 4.2
introduces the usual far-field and near-field signal models from the literature. Next,
the EM-based reflected signal model is developed for rectangular plate targets in
Section 4.3. Moreover, leveraging on the obtained model, Section 4.4 develops an
expression of the maximum likelihood estimator for the range. Finally, the accuracy
of the EM model, and the impact of multiple parameters, i.e. the bandwidth, carrier
frequency and range, on the modified log-likelihood function are evaluated in Section
4.5. The CRB is also computed numerically.

4.1 Near-field Signal Processing in the Literature

The near-field propagation region raises both challenges and opportunities, which
have been studied both for communication and radar system [Con+23; Lu+24].
For a communication perspective, accurate channel estimation and beam splitting
are two examples of challenges to tackle [Cui+23]. For instance, the former has
been considered in [CD22], exploiting polar-domain sparsity, or in [Liu+24], which
proposes a sensing-enhanced channel estimation scheme, reducing the complexity
of the process. Line-of-Sight (LoS) and Non Line-of-Sight (NLoS) near-field paths
components are modelled in [LD23] to better match actual scenarios. The latter
is analysed in [Gao+19], which investigates the wideband beamspace channel
estimation problem, or in [MH22], which proposes a low complexity technique to
mitigate any misfocus. As opportunities, it enables increase of the single or multi-user
capacity owing to the increase of the spatial multiplexing gain in the near-field,
compared to far-field transmissions [Ram+23]. For instance, energy-efficient hybrid
precoding is proposed in [Gao+16] to improve the spectral efficiency in the near-field.
Moreover, the potential of beam focusing for single multi-user communications is
analysed in [Zha+22]. Finally, near-field beamforming has also been considered in
combination with Reconfigurable Intelligent Surface (RIS), e.g. in [BDS21; Wan+22;
Wan+23].

From a radar perspective, considering the near-field propagation as a challenge,
[Mei+22] proposes a strategy for compensating the range-dependent phase deviation
in near-field coherent radar networks in order to increase the angle-estimation ca-
pabilities of such system. On the other hand, considering the near-field propagation
as an opportunity, the performance achieved by a large-scale radar array is studied
[Sak+22b; Sak+22a], when detecting a target in near-field with an OFDM waveform.
By leveraging on the near-field propagation, the authors show numerically and ex-
perimentally that the estimation of the position can be improved with respect to
traditional far-field propagation models. To evaluate the performance improvement
brought by near-field algorithms, the CRB has been evaluated in different scenarios.
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In [WXZ24; Sak+21], radar passive targets are localised, the accuracy being linked
to waveform parameters. However, the presented works all consider point targets,
the near-field effect being only considered from the antenna arrays. In order to
consider targets with significant dimensions, it is nonetheless necessary to develop
novel propagation models based on the EM theory, to accurately model the near-field
effects related to the targets. This is done in [Che+23], where an antenna position
is estimated from the signal received over a large surface, relying on a specific EM
propagation model. Nevertheless, this work does not consider the detection of a
passive radar target.

4.2 Single-Point Multistatic Channel Model in Near-
and Far-Field

In Section 1.3 of Chapter 1, single-antenna channel models for communication and
sensing have been detailed from a signal processing perspective. One can verify
based on Chapter 2 that these channel models are coherent with the expression of the
radiated fields in complex baseband representation, given in Box 2.22. In this section,
the single-antenna channel models are extended for multi-antenna systems, operating
in the near- or far-field region of the antenna arrays for communication links, and/or
the target for radar links. As this chapter is focused on the radar function, reflections
on targets are considered. Still, the developed models are also valid for communication
links, as targets may be considered as scatterers from the communication point of
view.

4.2.1 Far-Field Multi-Antenna Channel Model

In the far-field region of a current distribution, as shown in Section 2.4.1 of Chapter 2,
the phase variation among the current elements contained in the distribution only
varies w.r.t. the distance between these elements. This is valid for the EM fields
transmitted by the antenna array, but also for the received EM fields reflected on the
target, as long as the receiving antenna array is located in the far-field region of the
target. Additionally, in this propagation region, its characteristics, e.g. its shape or
dimensions, are all merged into one single complex coefficient, and it is modelled as a
single point [Ric05]. This is named the single-point target model. Therefore, in the
literature, the signal received at the "M antenna from the reflection on a target of the
signal transmitted by the I antenna is usually modelled as Box 4.1 [TV05].

In Box 4.1, & is an unknown complex coefficient, R; (resp. R;) is the distance between
the centre of the target and the reference point for the transmitting (resp. receiving)
antenna array, p; (resp. py) is the distance between the I'" transmitting antenna (resp.
I'h receiving antenna) and the reference point of the transmitting (resp. receiving)
antenna array, ¢; (resp. ¢y ) is the angle between the vectors starting from the
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4.1: Single-Point Target Model (Far-Field)

up(t) = é—’e_lk(Pl cos y+py cos ) s (t _ Ri+ R
c

) ()

Single-Point Target Model

Target

Pl

Tx antenna
array

Rx antenna
array

Y

Fig. 4.1 Single-point target model.

reference point of the transmitting (resp. receiving) antenna array, and pointing to
the centre of the target and the /' transmitting antenna (resp. I"*" receiving antenna),
and wy; is an AWGN. These quantities are illustrated in Figure 4.1. From this model,
the range R, + R; is usually estimated based on the waveform delay, whereas the
phase shifts between the different antennas pairs enable to estimate the angles of
departure and arrival.

4.2.2 Near-Field Multi-Antenna Channel Model

To extend the far-field channel model in the near-field region of the transmitting
and receiving antenna arrays, in the literature, e.g. [BDS21; Liu+23; Sak+22a], the
dependence of the phase shift w.r.t. the exact positions of the antennas and the target
has been introduced in Box 4.1, leading to Box 4.2.

4.2: Single-Point Target Model (Near-Field)

_ r+ry
upi(t) = Ee KT (t o ) +wy (1)
C

In Box 4.2, r; (resp. ry) is the distance between the I transmitting antenna (resp. I
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receiving antenna) and the centre of the target. With this model, the impact of the
spherical wavefronts is well taken into account in the phase. However, the target is
still considered as a single point. This may be accurate in the far-field region, but the
impact of the near-field region should also be considered:

1. The impact of the target in the received signal is still modelled as a single
complex coefficient &, identical for every pair of transmitting and receiving
antenna. One may expect this coefficient to vary, even slightly, w.r.t. the
antennas positions. For instance, the attenuation of the EM fields is a function
of the distance between the antennas and the target.

2. The received waveform is delayed by the distance between the antennas and
the centre of the target. Nonetheless, since the targets dimensions and shapes
are not negligible w.r.t. the distance between the antennas and the target, the
centre of the targets may not be appropriate as reference points. Moreover, one
unique point may not be enough to model accurately the target in the near-field
region.

Consequently, in Section 4.3, leveraging on the electromagnetic theory, a novel
multistatic signal model is developed for a flat rectangular plate. This model is then
used in Section 4.4 to estimate the range between the antenna arrays and the target.

4.3 Multistatic Reflection Model for a Rectangular
Plate

In this section, analytical expressions of the signal reflected by rectangular plates are
developed, in a multistatic near-field configuration. This is first carried out in Section
4.3.1 for a flat rectangular plate, parallel to the antenna array. The cases of oriented
flat and curved plates are then discussed in Sections 4.3.2 and 4.3.3.

4.3.1 Parallel Flat Rectangular plate

In order to compute the voltage at a receiving antenna from the EM fields reflected
by a flat rectangular plate in a multistatic configuration, the developments of Section
3.2.2 in Chapter 3 are adapted from a monostatic to a multistatic configuration. Let
us consider the scenario illustrated in Figure 4.2. An antenna array of N antennas
distributed at positions {(—R, y;, z;)} is facing a rectangular plate S of dimensions D,
and D, defined as

D D
5% {(x’y’z) eR'|x=0, lyl < 2L |2l < 7}

| 101



4 | Electromagnetic-Based Multistatic Near-Field Sensing

Fig. 4.2 Reflection on a rectangular plate with a planar antenna array.

The normal unit vector pointing towards the antenna array is given by €, = —é,. The
spherical coordinate system associated with the antenna [ is also defined as

é, cosfycos¢; sinf  cossingy €,
&g, |=| —sinbfjcos¢; cosf —sinb;singy &y
&, —sin ¢ 0 cos ¢; é,

One can compute the angle 6; and ¢; from the (x, y, z)-coordinates as

sing; = z A , sinf = . ,
VR +x)2+ (z - 2)? VR+x)2+(y—y)?+(z-z)?
R+x \/(R+x)2+(z—zl)2
cos ¢y =

, 0, = .
R+ RGPt (2

In the following, a focus is made on the signal transmitted by the ™ antenna, and
received by the I'" antenna.

Assuming that the antenna is either a Hertzian dipole or a uniform line element,
following the developments of Section 2.4.3 in Chapter 2, the incident EM fields at
the surface of the plate are computed using Box 2.21:

: JkL rp\ eJkn .

H = -2 I(t - ;) e, 1)
; jknL rpy\ etk R

El > -% I(t - —) () &, (4.2)
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where the function f is defined in (2.14). W.r.t. the developments of Chapter 3, some
differences should be highlighted:

1. A time-varying current is considered, as it is supposed to be modulated by a
given signal s of bandwidth B:

1(t) = Io s(b).

Therefore, contrariwise to Chapter 3, the EM fields in this chapter are expressed
in the time domain complex baseband representation. Following Box 2.22, (4.1)
and (4.2) are obtained by converting the developments of Section 2.4.3 in the
time-domain complex baseband representation. These equations are therefore
valid only for narrowband signals, i.e. signals such that the bandwidth B is
much smaller than the carrier frequency f.

2. Owing to the bistatic configuration, different spherical coordinate systems
associated with each antenna are defined. Therefore, the EM fields are function
of the distance r/, elevation angle ; and azimuth angle ¢; related to the antenna
I. The distance r; from the antenna to any point of S is computed as

=R+ (y—y)? + (z — 21)%

Under the PEC approximation, the equivalent surface current at the surface of
the plate is computed following Box 2.10:

JkLIy e Jkr

; T
Joo~2H xé =~ s(t l)
’ 2 c

f(Or) cos gy &,.

Focusing on the 't receiving antenna, the perpendicular component of the surface
current density is then computed as

JkLIy rpy eIk
s(e-7)

Ji:]'l :Js,l - (Js,l : érl/) érl/ == o f(el) Cos ¢l COs 91/ é@,/ .

The reflected EM fields at the '™ receiving antenna are finally computed using Box
2.22 on the surface of the rectangular plate. From these fields, one can compute the
received voltage u;; and current at the I’ receiving antenna using Box 2.20:

upi(t) ~ - ]kry//'e o [F ' 1/1( rl,)] ds (4.3)

k2 L] e~ Jk(ritry) rp+ryp
R R /Dl /Dy s(t ! ’)f(e,)f(e,,) cos ¢y cos Oy dydz,

87'[2 riry

in which Fll is the perpendicular radiation vector of the 't receiving antenna. The
angles ¢y, 0; and 0y, and the distances r; and ry are all functions of y and z.
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One may already notice that the voltage generated at the receiving antenna I’
by the transmitting antenna [, seems to not be equal to the voltage generated at the
receiving antenna [ by the transmitting antenna [”. This would therefore violate the
reciprocity principle. As described in Section 2.3.4 of Chapter 2, the PO does not
guarantee the reciprocity, owing to the numerous approximations which are made.
Nonetheless, in most scenarios, such conclusion cannot be drawn before solving the
integral. Closed-forms expressions of the integral in (4.3) are computed with the SPA
in Appendix 4.A, and particularised to linear antenna arrays in Appendix 4.B. As
expected, the results obtained in the appendices are reciprocal.

In summary, the signal transmitted by the I'" transmitting antenna, reflected by

the flat rectangular plate, and received by the I"h

4.3.

receiving antenna, is given in Box

4.3: Received Multistatic Near-Field Signal Model

—j2krypy 27
Il
up(t) =~ Enpy ———s (l‘ = —) +wypy(t)
Ki1 c

In the model of Box 4.3,

m The factor £ is a constant real coefficient, which does not vary among the pairs
of antennas, or the distance R between the antenna array and the target.

m The factor 5y is a complex coefficient, which varies both among the pairs of
antennas, and with the distance R between the antenna array and the target.
Nonetheless, it is supposed to be nearly constant, as the significant amplitude
and phase variations are expected to be brought by the kj; factor, and the
complex exponential term. This is further analysed in Section 4.5.2.

m The factor xy is a real coefficient which varies both among the pairs of antennas,
and the distance R between the antenna array and the target. It is supposed to
model the significant amplitude variations of the signal with the distance.

= The factor e /%"t is a complex exponential term, which models the significant
phase variations of the signal with the distance.

= The distance ry; is the distance between the I transmitting and "M receiving
antennas, and the stationary (or specular) point of the reflection on the target.
Therefore, what matters is the distance to the stationary point, and not the
distance to the centre of the target, as usually considered in the literature.

These factors are summarised in Table 4.1 for the general case and the particular
case of the linear antenna array along the z-axis. Yet, note that the general case
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’ Factor H Planar antenna array

Linear antenna array ‘

13 knL?Iy
8m
_kRAy,
i J i
4rl3/l

Kri R+ (z1—21)F Tl

—up)2 _ 2 _ 2
- \/Rz o)t Gz R 4 Gz

Table 4.1 Quantities in Box 4.3, for the planar antenna array, and the linear antenna
array along the z-axis. The expression of Ay is provided in (4.14).

Oriented Flat Rectangular Plate

(u, 0,w;)

(_R7 07 Zl)

Fig. 4.3 Oriented flat rectangular plate.

holds only if the rectangular plate is large enough to contain multiple Fresnel
zones. Contrariwise to Chapter 3, owing to the multistatic configuration, the sta-
tionary point can be located anywhere on the target, such that it is not always fulfilled.

Compared to traditional received signal models in the far-field, for which the
range of the target can only be estimated from the delay of the transmitted waveform,
one may retrieve more information using also the amplitude and phase factors of Box
4.3 to further improve the radar range estimation performance. For instance, the radar
resolution is traditionally limited by the bandwidth of the transmitted waveform.
Since the phase variation is instead proportional to the carrier frequency, such limit
is expected to be overcome in the near-field. This question is analysed in Section 4.4.
Before, the cases of the oriented flat and curved plates are first discussed in Section
4.3.2 and 4.3.3.
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4.3.2 Oriented Flat Rectangular Plate

If an oriented rectangular plate is instead analysed, the results obtained in Section
4.3.1 are generalisable. For instance, let us consider a rotation of the plate of an
angle ¢, in azimuth, and a linear antenna array along the z-axis. The antenna array
is composed of N antennas distributed at positions {(—R, 0,z;)}, and the oriented
rectangular plate S is defined as

Sz {(x,y,z) eR3 5

D D
x =—ztan¢y, |y| < 2] < 72 cos qSt}
However, instead of considering this setup, the problem may be instead analysed in
another coordinate system {€,; é,; é,,} aligned with the target:
u cos¢p, 0 —sing,\[x
v|= 0 1 0 yl.
w

sing; 0 cos¢y [\z

In that coordinate system, the target is defined as

~ o
Sé{(ww)ekﬁ w=0lo < 22, les—z},

and the antennas are now located at positions {(u;, 0, w) };=1,._~ such that

(4.4)

u; = —Rcos ¢;+z; sin ¢,
w; = Rsing+zcosd;

Moreover, the angle 6; and ¢; are now computed in the new coordinate system, defined

as
sing; = wow , sinf; = oo ,
V(@ —up)? + (w - wp)? V(@ —up)? + (0 —07)% + (w — wy)?
u-u V@ =+ (w = w)?
cos¢y = cos ) =

V- )2+ (w-w)? S Vu—w)?+ -0+ (w—wp)?

Therefore, the results developed in Appendix 4.A and 4.B are easily extended by
modifying the coordinates x; and z; to match the coordinates u; and w; of (4.4).
The last remaining subtlety is the computation of the specular reflection point: let
us denote by z; the z-coordinate of the specular point. Knowing that the angle
of incidence and reflection are equal at the location of the specular reflection, the
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following property holds:
X1 X

\/xl2 +(z-2)? \/xlz +(z—zp)?

Introducing that result in (4.8) gives

ZIXp + zZr X
Zg = —— .
xX] + Xy
The expression of the received signal with the oriented flat rectangular plate may be
interesting to simultaneously estimate the range and the azimuth rotation angle of

the plate. Though, this is left for future works.

4.3.3 Curved Rectangular Plate

The analysis of curved geometries is critical for numerous reasons. First, few targets
are well approximated by flat plates. Moreover, with the introduction of curvature,
slight variations of the specular point position are associated with large variations of
the antennas positions. Thus, the number of scenarios the proposed model cannot
handle decreases significantly, as the specular point is in most of the cases located
within the target. Additionally, the discrepancies between the usual model of Box
4.2 and the developed expressions would probably reduce, as the variations of the
specular point positions are smaller.

Nonetheless, curved rectangular plates are challenging in multistatic configura-
tions, as the position of the specular point on the target is often intractable analytically.
For instance, the computation of the specular point on a sphere in two dimensions
is a well-known challenge, named the Alhazen problem [Alh89]. Still, such solution
may be computed numerically. Thus, the parametrisation of the developed model
on the specular point location for arbitrary targets, and the comparison between the
obtained models are left for future works.

4.4 Range Estimation in the Near-Field Region

In this section, a focus is made on the estimation of the distance R between the
antenna array and the target, based on the received signal model of Box 4.3. The
positions of the N; transmitting and N; receiving antennas are assumed to be known.

In a first time, we assume that the signals transmitted by the antennas are received
in an orthogonal manner, such that the receiver has access to each signal uy; inde-
pendently. Orthogonality could be achieved in the time, frequency or code domain.
In the time domain, each transmitting antenna starts the transmission at a given
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time, selected such that it is higher than the maximum possible round trip time. In
the frequency domain, each transmitting antenna uses a different carrier frequency.
Therefore, one may adapt Box 4.3 such that the wave number also varies with the
transmitting antenna index. In the code domain, each transmitting antenna transmits
a different orthogonal waveform. In that case, it requires adapting Box 4.3 such that
the transmitted waveform varies with the transmitting antenna index. Nonetheless,
the orthogonality should be ensured whatever the travel time differences between
the pairs of antennas, as the delays of the waveforms vary with the antenna indices.

4.4.1 Transmission of Orthogonal Signals

Let us consider that orthogonality is achieved in the time domain. According to Box

4.3, the received signal uy; at the [t

receiving antenna, generated by the reflection
of the signal transmitted by the [''transmitting antenna on the flat rectangular plate,
can be written from a signal processing perspective as Box 4.4, where ¢ is a constant
complex coefficient, identical for every pair of antennas, and assumed to be unknown,

and wy is an AWGN, supposed to be independent for each receiving antenna.

4.4: Received Multistatic Near-Field Signal Model (Signal Processing)

upi(t) = & prir(t) + wy (t)

The function py g in Box 4.4 represents the signal model. For instance, if a full
knowledge of the target is available, except for the distance R, one may relate yy .z to

Box 4.3 as o
e ek 2rpp
.rR(E) =np ———s|{t———].
prir(t) = 1 o ( .

One may also assume that the parameter 7;; does not vary much among the pairs of
antennas, such that it can be considered to be constant. In that case, it is merged with
the unknown constant coefficient &, leading to

e—jZkrl/l 2r]
prir(t) = ———s (t -—
Krl 4
One step further is assuming that the parameter ky; is not varying as much as the
phase term among the pairs of antennas, such that it does not bring any information
on the range. Under that assumption, the parameter k; is also merged with &, and

the signal model is expressed as

2ry
prir(t) = e ks (t - i) .
C

The three considered signal models are summarised in Box 4.5.
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4.5: Approximated Signal Models

e ]Zk'rl/l 2
Full Knowledge: wrir(t) = i s (t - J)
Ky C
e J2kry 2
Constant nri: l'll/l;R(t) = s (t — l)
K] C
— j2kry 2ryg
Constant ny; and kpp: pprr(t) =e gt ——
c

With independent noises at each receiving antenna, the joint maximum likelihood
estimation problem of the distance R and the unknown coefficient ¢ is developed as

Ny—1 N -

R 5: argmln Z Z /|u”(t) §p”R(t)| dt (4.5)
RE I'=0 I=0
-1 Ni— —1 Ni—
_argmm|§| Z Z/|yl,lR(t)| dt—2Re{§ Z Z/um(t)pl,m(t) dt}
I'=0 I=0 I'=0 1=0

First, from the second term of the objective function, since Re {z} < |z| Vz € C with
the equality achieved when z € R*, the phase of £ is estimated as

N;—1Ni—

arg{ } = arg { Z Z /ru”(t) p;'l;R(t) dt} )

I'=0 I=0

Then, minimising (4.5) after inserting the estimate of the phase of &, the amplitude of
& is estimated as

(Zp;;l ;\20—1 ft up(t) H;I;R(t) dt|
r— Ni— 2 :
2l'=01 2% ' ft \l‘l'l;fz(t)\ dt

Combining the phase and amplitude of &, this leads to the following estimate:

HE

; oyt Bkt e (0) g, () de
- -1 « N1 2 ’
PINIED I ft'”l'l;ﬁ’(t” dt

Inserting this result into (4.5), the maximum likelihood estimation problem of
the distance R is written as Box 4.6, where the function Y is named the modified
log-likelihood function.

Therefore, to estimate the distance R, the correlations of all the received signals
with their corresponding signal models are all computed and summed in a coherent
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4.6: Multistatic Near-Field Range Estimation (Orthogonal Case)

2
SNCENTY fun(0) (1)
—1 ©Ni—1 2
DI I ft|”l'l;1i(t)| dr

R=argmaxY(R) with Y(R) £
R

manner. Then, the result is normalised with the sum of the energies of all the signal
models. Though, this should be evaluated for every candidate R of the distance,
making this solution computationally expensive.

4.4.2 Transmission of Non-Orthogonal Signals

If there is no orthogonality between the transmitted signals, according to Box 4.3, the
received signal uy at the receiving antenna I’ is generated by the reflection of all the
signals transmitted simultaneously by the transmitting antennas on the rectangular

plate:
Ni-1

we(t) =& D pig(t) +wr (b),
1=0
where &, pyi.r and wy are defined similarly as in Section 4.4.1.
With independent noises at each receiving antenna, the joint maximum likelihood

estimation problem of the distance R and the unknown coefficient ¢ is developed the
same way as in Section 4.4.1:

N;—1
R,§=argmin2/
RE =0 t

N;—1
—
R¢ Z:J) t

=

2
dt (4.6)

Ni—1
w(t) =& D pp(t)
1=0

Ni-1 2 Ni—1 Ni-1
2 Hrig(t)| de = 2Re {5* )y / wr () 3, by dt}.
=0 r=o vt =

Following exactly the same developments as in Section 4.4.1, the following estimates
of ¢ and R are obtained:

L (t) dt

N;—1 Ni—-1
11;0 /t:ul/(t) Zl:t() ”;II;R

3 ,
-1 Ni-1
IIN A DI F‘l/z;R(t)’ d
2
Nr_ Ni— ®
A (SN S () S () ]
R = arg max - ,
R N;-1 Ni—1
%5 2 lll'l;é(t)| dt

and the estimation of Box 4.6 is rewritten as Box 4.7.

BN
Il
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Parameters Values ‘

Number of antennas N=13

Antenna spacing A=0.125m
Antenna length/current L%y = 1 m?A

Signal bandwidth B =100 MHz
Carrier frequency fe =77 GHz

Target dimensions D,;=08m,D,=175m
Target Distance R=4m

Table 4.2 Parameters of the scenarios for Section 4.5.

4.7: Multistatic Near-Field Range Estimation (Non-Orthogonal Case)

N e 2, a0
DI lR(t)| d

R= arg max Y(R) with Y(R) =
R

Compared to the orthogonal case, the same operations are performed, except
that the contributions of the transmitted signals cannot be separated, as they are all
summed together at the receiver.

4.5 Numerical Analysis

In order to validate the proposed signal models and analyse the sensing performance
of the proposed maximum likelihood range estimator, a scenario which mimics an
automotive setting is proposed, in which a first vehicle equipped with a linear antenna
array estimates the distance R to the next car driving ahead. The N antennas are
spread linearly and centred at the front of the vehicle, with a spacing of A. The
position of the I antenna is thus given by

plz(—R, 0, (—N;1+1)A).

The same signal is transmitted at all antennas, orthogonally in time, or simultaneously.
The waveform s is defined as a sinc function of bandwidth B:

sin(Bt)

s(t) = Bt

Unless stated otherwise, the parameters of the scenario are summarised in Table 4.2.
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Amplitude Approx1mat10n Error Phase Approximation Error (°)
[wri]ap — [useari]

0.2
0.1
-0.1

Antenna element [’
fe]

0 5 10
Antenna element l Antenna element [

Fig. 4.4 Amplitude and phase errors committed by the SPA (ugpy j//), compared to
numerical integration of (4.3) (uy), for a constant transmitted signal.

4.5.1 Validation of the Multistatic Reflection Model

First, let us assess the accuracy of the SPA. Figure 4.4 illustrates the amplitude and
phase errors committed by the SPA, w.r.t. the numerical integration of (4.3), for a
constant transmitted signal, i.e. s(¢) = 1. Differences up to 0.3 dB in amplitude and 3°
in phase are observed, whatever the considered transmitting and receiving antenna
pair. These low errors suggest that the signal model of Box 4.5 with full knowledge
is an accurate model on which the maximum likelihood range estimation can be
performed.

4.5.2 Impact of the Signal Model on the Modified Log-likelihood
Function

The maximum likelihood estimator designed in Section 4.4.1 and 4.4.2 in the
orthogonal and non-orthogonal case are both functions of the signal model piy.z.
This model can be chosen arbitrarily depending on the knowledge of the scenario
available at the receiver. It therefore also integrates any mismatch between the actual
and supposed scenario. The three propositions of Box 4.5, and detailed in Section
4.4.1, are analysed in this section.

The maximum likelihood range estimator can be analysed through its ambiguity
function, i.e. the modified log-likelihood function Y in noiseless scenarios. Figure
4.5 evaluates the impact of the selected signal model on Y, in the orthogonal and
non-orthogonal case, in the neighbourhood of the distance R. More precisely, the
exact signals uy; are computed numerically, and fed to the modified log-likelihood
function. Then, for each possible value of R, the value of the modified log-likelihood
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Normalised Modified Log-likelihood Function T

1] —— Analytic model
----  Approx. 1
-------- Approx. 2

Approximation Error

= 1 —— Approx. 1
= —— Approx. 2
Q
g 05
s
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(a) Orthogonal
Normalised Modified Log-likelihood Function Y
1] —— Analytic model
Approx. 1
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o
0 a T T T
-1 0 1
Approximation Error
- 3] —— Approx. 1
= —— Approx. 2
Q
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=
[a)
O h T T T
-1 0 1
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(b) Non-orthogonal
Fig. 4.5 Impact of the selected signal model on the modified log-likelihood function
Y, in the orthogonal and non-orthogonal case. The analytic signal is given by Box

4.3. The first and second approximations are respectively corresponding to the two
simplifications proposed in Box 4.5.
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Coefficient 1y (2 = 0)
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T T T T T
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.
é —1.4 +
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—1.6 +
T T T T T
—D./s —D-/4 0 Dz /4 Dz/2

Specular point position z;/;

Fig. 4.6 Coeflicients 1;;; as a function of the specular point position, assuming z;» = 0.

function is computed with each signal model. These values, normalised to a unitary
maximum, are represented in the upper panels of the figure.

As it can be observed, the maximum of the ML function indicates the exact
target location for the three models, even if they are only analytically tractable
approximations of the received signal. Still, in the non-orthogonal case, an increased
sidelobes level is observed. This will be further discussed in Section 4.5.3. Looking at
discrepancies between the full analytical model and the two simplifications of Box 4.5,
they can difficultly be observed in the upper panels, since the differences between the
ML values are shown to remains below 1% and 5%, respectively in the bottom panel
of the orthogonal and non-orthogonal case. This is particularly convenient, as the
exact modelling of 5y is highly dependent on the target geometry, and thus unlikely
to be available at the receiver. This is explained by Figure 4.6, which illustrates the
variation of the coefficients n;;; w.r.t. the position of the specular point on the plate.
Except when the specular point is located at the edges of the rectangular plate, the
coefficients do not vary significantly, neither in amplitude, nor in phase. As the plate
is large w.r.t. the signal wavelength, the surrounding of the specular point is similar
for each pair of antennas.

4.5.3 Impact of the System Parameters on the Modified Log-
likelihood Function

Still analysing the modified log-likelihood function Y, the impact of the bandwidth,
carrier frequency, and range are illustrated in Figure 4.7 for the orthogonal and
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Fig. 4.7 Impact of the system parameters on the modified log-likelihood function, in the orthogonal and non-orthogonal case.
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non-orthogonal case, in the neighbourhood of the distance R. As for the impact of
the signal model, the exact signals uy; are first computed numerically, and fed to
the modified log-likelihood function. Then, owing to the negligible discrepancies
introduced by the simplified models of Box 4.5, the modified log-likelihood function
has been evaluated assuming 7, constant.

Let us first focus on the orthogonal case. In the upper panel, one can observe that
increasing the bandwidth has two effects. First, it reduces the sidelobes level, thus
reducing the ambiguities. Then, for high bandwidths, it also reduces the width of the
mainlobe. It can be checked that, for B = 1 GHz, the 3-dB pulse width is equal to
the traditional resolution, i.e. ¢/2B = 0.15 m. On the middle panel, the impact of the
carrier frequency is visible. For a carrier frequency of f. = 5 GHz, the pulse width
is again equal to the traditional resolution ¢/2B = 1.5 m. Therefore, it shows that
the developed estimation method gives in the worst case the same performance as
classical range estimation methods which only leverage on the delay of the waveform.
Otherwise, the resolution is improved thanks to the phase information brought by the
novel EM-based near-field signal model. Finally, the lower panel illustrates the impact
of the range. It can be observed that better resolutions are achieved, but only at close
ranges. Nonetheless, even for distances still in the near-field region of the target,
increasing the distance leads to a degradation of the resolution, up to ¢/2B. Indeed,
the further the target, the smaller the differences of phase among the pairs of antennas.

In the non-orthogonal case, it is difficult to distinguish the mainlobe and the
sidelobes. Whereas the increase of the carrier frequency helps improve the resolution
in the orthogonal case, this only impacts the accuracy of the estimation in the non-
orthogonal case. Yet, the bandwidth still limits the mainlobe and sidelobes level, and
the developed estimation method also gives in the worst case the same performance as
classical range estimation methods with non-orthogonal waveforms. Nonetheless, the
performance improvement is unpredictable, as it varies quickly with the parameters
of the scenario. For instance, in the lower panel, a range of 4 meters gives a larger
envelope than a range of 10 meters, but it can be shown that this is not the case at
9 and 11 meters. This will be further illustrated in Section 4.5.4, where the CRB is
analysed.

4.5.4 Cramér-Rao Lower Bound

To complement the analysis of the parameters impact, the CRB is numerically evalu-
ated. More specifically, from [Thi+24], it can be proven that, assuming the unknown
complex coefficient & to be a nuisance parameter, the CRB of the range R is propor-
tional to the inverse of the second derivative of the modified log-likelihood function:

-1
i azYnoise—free (R)
0_2 3R2

w

CRBg = — , (4.7)
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CRB (Constant SNR)
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Fig. 4.8 CRB against the distance R, for different carrier frequencies f; and band-
widths B, with a constant SNR, in the orthogonal and non-orthogonal case.
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where 0'124, is the noise power, and Ypoise-free 1S respectively given by Box 4.6 or Box
4.7 for the orthogonal and non-orthogonal case, with the signals u;; replaced by
Epprr. The complete demonstration is provided in the PhD thesis of Guillaume Thiran.

Figure 4.8 shows the CRB as a function of the distance R, for different carrier
frequencies and bandwidths, with a constant SNR at the receiving antennas, in the
orthogonal and non-orthogonal case. As it can be observed, the estimation method
always leverages on the most informative value among the waveform delay (related
to the bandwidth), and the phase shift (related to the carrier frequency). Whereas
for small ranges, the phase information dominates, the CRB saturates to a constant
value related to the bandwidth when the distance increases. Note that the saturation
already occurs in the near-field region. Nevertheless, in the non-orthogonal case,
the different transmitted waveforms add up unpredictably in phase, leading to rapid
oscillations of the performance with the distance. Yet, the performance are never
worsened compared to usual signal processing, leveraging only on the delay of the
waveform.

4.6 Conclusion

The near-field propagation region has raised an increased interest for both commu-
nication and sensing in recent years, owing to the higher carrier frequencies, larger
antenna arrays, and smaller range considered for future ISAC applications. In this
chapter, a focus has been made on near-field multistatic sensing. First, the far- and
near-field single point target models have been presented. Whereas the phase shifts
of the far-field model only depend on the angles of departure and arrival, the exact
distances between the transmitting and receiving antennas, and the centre of the
target are considered in the near-field model. However, even if it already enables
to grasp some insight about the benefits which may be extracted from the spherical
wavefronts, such point target model is inaccurate when considering electrically and
physically large targets at short distances.

4.6.1 Summary of the Contributions

The contributions of this chapter are summarised as follows:

m Following the same approach as Chapter 3, the signal received from a reflection
on a flat rectangular plate has been computed in a multistatic configuration,
leveraging on the EM theory and the SPA. The antenna arrays are supposed
to be either in a planar or linear configuration, within a plane parallel to the
target. The proposed models work either in the near- or far-field region, under
the condition that the specular reflection point is located within the target for
every pair of antennas. Moreover, the accuracy of the SPA has been assessed
by comparing the channel coefficients obtained with numerical integrations
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and the developed expressions. It has shown that this approximation works
very well for multistatic reflections on flat rectangular plates when the specular
point is located within the target. The obtained expression has highlighted
the impact of the spherical wavefronts, as a function of the distance between
the transmitting and receiving antennas, and the specular point, instead of the
centre of the target. Moreover, this phase shift set aside, the remaining complex
coefficient has been shown to slightly vary for each pair of antennas, instead of
being constant. Yet, it does not impact significantly the estimation performance.

Leveraging on the developed expressions, the maximum likelihood estimator
of the distance between the antenna array and the target has been computed.
Three different signal models have been considered for the estimator, depending
on the level of knowledge of the target. Namely, either the complete expression
of the received signal is used, or simplified expressions can be instead consid-
ered, assuming some coefficients to be constant among the pairs of antennas.
Furthermore, other expressions of the received signals may be introduced to
analyse the impact of other model mismatches. Additionally, the discrepancies
between the different signal models for the maximum likelihood estimator have
been analysed numerically. Negligible differences are observed in the modified
log-likelihood function between the two proposed approximations and the
complete analytical model, respectively in the orthogonal and non-orthogonal
case. This motivates the use of the simplest signal model, as it requires less
information about the target. More specifically, it only depends on the position
of the specular point, which is assumed to be located within the target.

The impact of the bandwidth, carrier frequency, and range of the target on the
modified log-likelihood function has been analysed numerically. It has shown
that, in the orthogonal case, at high carrier frequencies and for close targets, the
resolution of the range estimation is improved, further than the usual resolution
of ¢/2B obtained only with the delay of the waveform. Moreover, even in the
non-orthogonal case, the accuracy of the estimation is enhanced, and leveraging
on the phase shift in the near-field region never worsens the performance.
Furthermore, the CRB has been evaluated, which confirms the observations
made from the study of the impact of the system parameters. It also highlights
that the target should be close w.r.t. the dimension of the antenna arrays to
observe a performance improvement, even within the near-field region.

4.6.2 Future Works

The developed multistatic model for flat rectangular plates has shown some
similarities with the near-field single point target model of Box 4.2. The main

difference which has the most impact resides in the specific position of the reflection
point. In the model of Box 4.2, the centre of the target is considered, whereas the

new model of Box 4.3 considers instead the position of the specular reflection point.
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Nonetheless, the flat rectangular plate is one of the worst case for the model of
Box 4.2, as the flatness of the plate induces large variations of the specular point
depending on the considered pair of antennas. Instead, as described in Section 4.3.3,
the introduction of curvature should modify significantly the discrepancies between
the two models, as a slight variation of the specular point location is associated with
a large variation of the antennas positions. Therefore, such target geometries should
be analysed, even if it is difficult to obtain tractable results for the positions of the
specular points with these shapes.

Then, the main limitation of the SPA is the specular point, which must be located
within the target for the result to be accurate. With curved geometries, this is less of
an issue, owing to the latter explanation. Still, for flat geometries, the SPA may give
a good approximation when the specular point is not located within the target, if
the amplitude function is well approximated by a Gaussian function, as proposed in
Section 3.2.1 of Chapter 3. Thus, such approximation may be investigated to enlarge
the scenarios for which the proposed model holds.

Next, as discussed in Section 4.3.2, a joint estimation of the range and orientation
of the target may be possible in near-field multistatic scenarios. Thus, this should be
further investigated. Moreover, the development of such a model could also help
evaluate the impact of a model mismatch related to the orientation of the target.
Furthermore, one may also estimate the angle, and thus the position of the target.
This is performed by extending the estimators of Boxes 4.7 and 4.6 to jointly estimate
the range and angle.

Finally, the impact of the number of antennas and the antenna spacing should
also be studied. Moreover, the impact of other model mismatches, for instance the
use of a point target instead of an extended target model, and the complete analytical
computation of the CRB require further analyses. Yet, such questions are answered
in the PhD thesis of Guillaume Thiran. A first insight of his work on the CRB for
extended target models is available in [Thi+24].

4.6.3 What is Next?

This chapter concludes the first part of this PhD thesis. Starting from the EM theory,
novel RCS and received signal models have been developed, accounting for the near-
and far-field propagation regions. Specific signal processing has been developed, and
performance improvements have been highlighted consequently.

In the next part, ISAC systems will be analysed in a larger scale. A first glimpse of
such analysis has been provided in Section 3.3.2 of Chapter 3. One may be interested
in the performance of an ISAC system, interacting with other nodes modelled at
the street level, or even at the city level. Leveraging on the developed radar and
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communication propagation models, the power levels of the received radar echoes
and communication signals can be assessed accurately. Therefore, the performance
of ISAC systems may be inferred based on the radar and communication SINRs at
the system of interest. Still, this requires the definition of relevant metrics to assess
such performance. Additionally, they may be very sensitive to the scenario and the
positions of the nodes. Thus, the stochastic geometry framework seems to be a good
candidate to carry this study.
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Appendix - Chapter 4

4.A Stationary Phase Approximation for a Parallel
Flat Rectangular Plate

As done in Chapter 3, one can again rely on the SPA of Section 3.2.1. The amplitude
and phase functions are defined as

n+ ey £8) F(0r) cosgy cosby
9(y.2) =s (t - ) -
(a) ri+ry R R+ (z-2zp)?
=s(t— c )R2+( —y)?+ (z — z1)? 3
y-u Do (R + (y—yr)* + (z—2)%)*

Y(.2) = ~k(r+ 1)
=~k [VRZ+ (g =P+ (= 27 + VRO + (g —y)?+ (- 20)?

where (a) is obtained with the Hertzian dipole assumption, i.e. f(6;) = cos ;. The
stationary point is found by solving

W _ Y-yl N y—yr _

% VR +(y—y)?+(z-2) R+ (y-y)+(z-2z1)° 43
%:_ z—z] N z—zp :0' .
9z VR +(y—y)?+ (z—2)? YR+ (y—yr)?+(z-2z)?

The solution of this system of equations is not straightforward. Nonetheless, following
again the Fermat’s stationary point theorem [MVMO09], the stationary point (yyy, z1)
is the one minimising the total travelled distance, which is obtained as

yr+yr z]+zp

=

2 2

yrr =

Note that the following developments are valid if and only if the stationary point is
comprised in the rectangular plate, i.e. (yp, zp1) € S.

The second derivatives of the phase function are then computed as

27—k R2+(Z_Zl)2 " R2+(Z—Z[/)2

9y’ R+ (y-y)2+(z—2)2)?F (R+(y—yr)?+(z—2)2)? ]|
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Fy R + (y - yp)? . R + (y = yr)? l
oz? R+ @y-y)?+ (-2 (R+y-w)+E-z))F ]
*Y _ W-wE-2z) . G-z l
Yoz | (R4 (y—y)?+(z—2)D)F  (R+(y—yp)?+(z—z)?)°

Let us define by ry; the distance between the stationary point and the transmitting or
receiving antenna:

. (yi—yr)* (z—zr)* 1
rzf1=\/R2+ d 4y L =5\/4R2+(y1—y1/)2+(zl—Zz')z-

Around the stationary point, one obtains

azlﬁ( ) k 4R% + (z1 — Zl/)z
—_— 11, 2] =,
2 Yri, zri 2 r?fz
>y k 4R* + (y; — yr)*
— Wrnzr) = __—y3 wl
0z 2 i

82

_k(y-yr)(z —zp)
ayaz(ym, zpy) = 5 =

Therefore, the phase function is approximated with a Taylor series as

k
V(y,z) ~ —2kry; — cy (x—xp1)" Zp1 (x = xp1), (4.9)
1

X:[y ] X”:[yz'l ]
z 2z

R? + (z1=2pr)* _(y—yr)(zi—zr) l
4

in which

and

Zy) =

4
-y —zp —yp)?
_(yi—u )4(21 zy) R 4+ (yr 4y,)

One may show that, given a 2x2 symmetric matrix Z with elements z;; £ [Z];;, the
eigenvalues and eigenvectors of Z are respectively computed as
_Zntzp* A

Mp=——7F—,
1,2 2

with A = \/(zzz —z11)%+ 4sz, and

1

T
Vi2 = [ 2212 Zop —Z11 A ] .
V2A(A £ (222 — z11))
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4.A
Applying that results to Zy, one obtains
— )2 )2
Ay = w—y)”  (-z) ’
4 4
leading to
)2 R
/11=R2+(yl yr) +(ZI zr) =rlz,l, Ay = R,
4 4
and
1 T
vy = [ z—2z2v —(yi—-wr) | .
Vi —yr)? + (21— z1)?
v ! [vi—wr z-2 ]
2= 1—yr z—zr | .
V(Y = yr)? + (21— 21r)?
This enables to rewrite the phase function as
k T T
V(%) ~ =2krp; - =y (x=xp1)" QuDri1Qj,; (x —xp7),
Il
with
1 zZi—zr Y-y i 0
Qri = . Dpyp=| M :
Vi —y)?+ G -z)? | ~W—yr) 2=z 0o R

Using the change of variable x = QE ; (X = xy), the phase function is now expressed
in term of its principal components as

k k ., kR?
Y(%) ~ —2kry) — = X Dy k= —2kry; - — §° - = £,
U e "

where ¢ and Z are the two components of x.

Regarding the amplitude function, at the stationary point,

2?’];1 R [4R2 + (Zl - 21/)2]
9y, zr1) = s (t - —) : , (4.10)
c 4r},
Using the SPA of Box 3.7, the received voltage of (4.3) is finally computed as
k*nL?I 2rp1\ R|4R? + (z; — z1)?
ul’l(t) ~ — n 0 st — ﬂ [ ( ) ] e_JZkrl’l Al/ls (4.11)
82 c 4r15,l

with

—Jﬁ (x=xp1)T Zpy (x=xp1)
App = e i dydz.
S
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The integral of the phase on S can be developed following the principal components

of i as
_, k2 K2 52
Apy = // T g
, Jrkrs Jr?
~ _Jﬂrll _ Il - _ ll. (412)
\ k R? kR

where S is the transformation of S in the principal components space, leading to

2 2 2
up(t) = JknLlo 4R” + (z1 = zr) e 2kt (t - 2”,[) .

3
8m 4ry, c

However, the approximation made in (4.12) holds only if the amplitude of the func-
tion g is slowly varying in the integration domain, and if the rectangular plate is
large enough to contain multiple Fresnel zones [And64]. Owing to the multistatic
configuration, the stationary point can be located anywhere on the target, such that
the second condition is not fulfilled in many cases. This issue is circumvented by
considering a linear antenna array distributed along the z-axis.

4.B Received Signal with a Linear Antenna Array

In the particular case of a linear antenna array distributed along the z-axis, y; = yp =0
for every transmitting and receiving antenna. Thus, the stationary point (y, zy) is

obtained as
z]+zp

2

The distance ry; between the stationary point and the transmitting or receiving

yr1=0, zy =

antenna is then computed as

z1 — zpr)? 1
rpp = RZ+% =3 4R + (21— zp)*.

Next, the phase function of (4.9) is rewritten as

k kR?
Y(y.2) ~ —2krp - — 1 - 5 2.
e "

In that particular case, the principal components of the phase functions are aligned
with the y and z axes. Regarding the amplitude function of (4.10), it is rewritten as

R
9(0,z11) = —-.
rp

126 |



Received Signal with a Linear Antenna Array | 4.2

Using the SPA of Box 3.7, the received voltage of (4.12) is finally computed as

k*nL?I, R ri+rp
upi () ~ — nt"lo _e—jZkrplAl,ls(t_ 1+ ) (4.13)
87% 1},
with
% Sk %_Zl’l —Jk%zzz
Ay = e "7 dy e " dz (4.14)
Py b,
2

2
T 2k D
14 F* Yy

kR ry; 2

B

2kR? (D 2kR? (D
F* —Z—Z” +F* —z+21/l
ra\ 2 ro, \ 2

where the last equality is obtained using (3.7), and F(x) = —F(—x). Inserting that

result in (4.13), the received signal is finally rewritten as

k?]LZI() e—]Zkrl/l
8 rrg

r; + rl/)

up(t) = - nris (t -

with nry = kRAm/fU‘lz,l.
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Part 11

Large-Scale Analysis of Integrated

Sensing and Communication
Networks






Stochastic Geometry
Framework

This chapter introduces the stochastic geometry framework, and is based on my Master
thesis [DOV20]. Related reference books are [BB10a; BB10b].

HE Stochastic Geometry (SG) Framework is a branch of mathematics which
T provides mathematical models and appropriate statistical methods to study
and analyse random spatial patterns based on Point Processes (PPs), or the random
shape theory [Di 16]. This tool is well suited for the analysis of large scale wireless
networks since they can be viewed as a collection of nodes, located randomly in
space. These nodes represent transmitters or receivers of different types depending
on the considered network topology, as UEs, BSs, RSUs or vehicles. It enables
estimation of the average performance for radar and communication networks
through closed-form (or quasi closed-form) analytical expressions. The most common
alternative to obtain insights about the performance of networks is Monte-Carlo
(MC) simulation. They do not require any restrictive assumption, but they are very
time and computationally expensive. Nonetheless, they provide an estimation of the
complete statistics of the network.

Using SG, one expects to obtain simple analytical expressions, such that the
impact of some key parameters of the network can be extracted from the SG analytic
expressions, to draw conclusions and optimise the network, which is not possible
with MC simulations [WOV17]. However, depending on the system model and
the considered performance metric, the complexity of the SG expressions can rise
significantly, making the analysis of the network performance difficult. This can
be leveraged by the use of additional assumptions, at the price of a system model
which reflects less accurately real-world applications. Therefore, the relevance of
the SG framework must also be analysed in comparison to MC simulations or other
alternatives in terms of complexity.

In this chapter, the SG framework is presented, and useful mathematical tools
and models are detailed. First, the point process theory is introduced, and the most
common point processes used to model in wireless networks are presented. Then,
the properties of the Poisson point processes are detailed. Finally, the Poisson line
process is introduced.

| 139



5 | Stochastic Geometry Framework

5.1 Point Process Theory

A PP @ is a countable random collection of points that resides in some measurable
space, typically R”. It is usually used to model the positions of network nodes, as
UEs, BSs, RSUs, vehicles or other targets. It is uniquely defined in Box 5.1 as a set of
Random Variables (RVs) X; € R" describing the coordinates of the nodes in the PP,
or through its random counting measure ¥, a function which returns the number of
points of ® in any subset A c R".

5.1: Point Process and Random Counting Measure

O (XieN} © YA : > 1(XeA)
X;eA

Three important statistical measures of PPs are:

= The intensity measure, also known as expectation measure or mean measure, is
the mean of the random counting measure on a given subset A c R". It is
defined in Box 5.2.

5.2: Intensity Measure

Agp(A) £ By, [Yo(A)]

m The void probability is the probability that a given subset A € R" does not
contain any points of the PP. It is defined in Box 5.3.

5.3: Void Probability

Vo (A) £ Py, (Yo(A) =0)

» The Probability Generating FunctionaL (PGFL) of a function f : R* — R is
the mean of the product of f evaluated at every point of the PP. It is defined in
Box 5.4.

The PGFL is especially useful to compute the Laplace Transform (LT) of a RV Z
which can be expressed as Z = Y x <o f(Xi):

l_[ e~ Sf(X0)

X;e®

L7(s) 2 Bg [e*%] = Eg =g(e™/). (5.1)
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5.4: Probability Generating Functional

e (f) = Ee

[]rx0

X;ed

5.1.1 Point Processes for Wireless Networks

In the context of wireless networks, some PPs are especially relevant to model the
topology of networks [Hma+21]. Among them, popular options are the binomial point
process, the Poisson point process, the Poisson cluster process, and the hard-core
point process.

5.1.1.1 Binomial Point Process

A Binomial Point Process (BPP) on a bounded set A C R" is a PP such that a fixed
number N of points are distributed uniformly in A. Consequently, the number of
points comprised in any subset 8 C A follows a Binomial distribution:

k N-k
Po, (%(3):@:(1:)(%) (1—%) , 52)

where | - | denotes the Lebesgue measure, corresponding to the surface of the subset
in R%

5.1.1.2 Poisson Point Process

A Poisson Point Process (PPP) in R" is a PP such that

1. The numbers of points in any disjoint subsets A; C R" are independent.

2. The number of points in any subset A follows a Poisson distribution:

(Ap(A))* oA ()

Py, (Yo (A) =k) = 0

The PPP is an extension of the BPP, as the number of points in the subset is not
fixed, but follows a Poisson distribution. It is completely characterised by its
intensity function A. However, it can also be characterised by its density or intensity
function A. The density is defined in Box 5.5 as the intensity measure of the PPP
for an infinitesimal volume dx C R” located at x € R". The product A(x)dx can
be interpreted as the infinitesimal probability that there is a point of the PPP in an
infinitesimal area dx located at x.

A Homogeneous Poisson Point Process (HPPP) is a particular case of the PPP for
which the density is uniform, such that its intensity measure is expressed as A(A) =
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5.5: Density of a Poisson Point Process

A(dx) 2 A(x)dx < A(A) 2 / M(x)dx
A

A A| for any subset A C R™. For the HPPP, the density is therefore also defined as
the mean number of points in A. In opposition with HPPPs, PPPs which are not
homogeneous are often referred as inhomogeneous PPPs. Examples of HPPPs are
shown in Figures 5.1 and 5.2.

5.1.1.3 Poisson Cluster Process

A Poisson Cluster Process (PCP) is a PP composed of clusters of points, centred at
the positions of parent points distributed following a HPPP. This is useful to model
scenarios where points are susceptible to be grouped in limited volumes, for instance
during particular events, e.g. hotspots [GKD19], or in disaster scenarios [Hay+18].

In R?, two particular PCPs are the Matérn Cluster Process (MCP) and the Thomas
Cluster Process (TCP) [Hay+18]. For the first, a fixed or random number of points
is uniformly distributed in circular areas, located around each parent point. For the
second, these points are normally distributed around each parent point. These PPs
are illustrated in Figure 5.1.

5.1.1.4 Hard-Core Point Process

A Hard-Core Point Process (HCPP) with repulsive distance d € R" is a PP for which all
the points are mutually separated by a distance greater than d. It enables to avoid
unrealistic scenarios in which nodes are close to each other, as it is for instance
unlikely for BSs in wireless networks.

Two particular cases of HCPPs are the Matérn HCPP of type I and II [Hae11]. For
both types, the points are first distributed following a HPPP. Then, in the first case,
the points mutually located at a distance lower than d are all removed. In the second
case, a random mark is assigned to each point of the HPPP, and a point is deleted if
there exists another point with a smaller mark located at a distance closer than d.
These two HCPPs are illsutrated in Figure 5.2.

Unfortunately, with HCPPs, the mathematical developments are often intractable,
owing to the PGFL of such PPs which does not have a closed-form expression. Nonethe-
less, following [Hae11], the PPP is a good approximation for HCPPs if the densities
of the PPPs are adapted accordingly.
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Fig. 5.1 Generation of a MCP and a TCP in R%. The blue points represent the parent
HPPP. The dashed circles show the radius of the clusters (resp. the standard deviation
of the clusters distribution) for the MCP (resp. TCP). The red points represent the
MCP and TCP generated around the parent points.
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Fig.5.2 Generation of Matérn HCPPs of type I and IT in R? from an HPPP. The dashed
circles illustrate the repulsive distance around each point of the parent HPPP. The
green circles highlight the points which are kept in the Matérn HCPP of type II, but
removed in the Matérn HCPP of type I.
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5.1.2 Palm Theory

The Palm theory formalises the notion of conditional distribution for PPs, given some
points at arbitrary locations. Two particular distributions of this theory are the Palm
distribution and the reduced Palm distribution. On the one hand, the Palm distribution
is the conditional distribution of the PP given that one point is located at an arbitrary
location. On the other hand, the reduced Palm distribution is the Palm distribution of
the PP, for which the arbitrary point is assumed to be excluded from the distribution
of the PP.

5.2 Properties of Poisson Point Processes

The PPP, introduced in Section 5.1.1.2, is the most popular PP to model the spatial
distribution of wireless networks nodes, owing to its simplicity and mathematical
tractability [Hma+21]. Those provide quite realistic distributions of the nodes com-
pared to real networks, and it has a lot of useful properties, which lead to tractable
analytical results. Some of these properties are summarised in this section.

5.2.1 Void Probability

The void probability of a PPP is given in Box 5.6. It is directly obtained from (5.2)
by setting k = 0. For the particular case of HPPPs with density A, it can be further
simplified as

Vo (A) = e M,

5.6: Void Probability of a Poisson Point Process

Vo(A) = e+ (A

5.2.2 Campbell’s Theorem

The Campbell’s theorem is detailed in Box 5.7. For the particular case of HPPPs with
density A, it can be further simplified as

D FX)

X;ed

Eo

=/1‘/Rnf(x) dx.

5.2.3 Probability Generating Functional
The PGFL of a PPP is detailed in Box 5.8.
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5.7: Campbell’s Theorem

Let us consider a function f : R® — R*, and a PPP ® € R" of intensity
measure Ag. The expectation of the sum of f, evaluated at every point of the
PPP, is given by

Ee

D F(X)

X;ed

S / F(x) Ao(dx).
Rn

5.8: Probability Generating Functional of a Poisson Point Process

The PGFL of a PPP ® € R” with intensity measure A¢ of a function f : R* —
[0, 1] is given by

t () = exp (- [ (1= 70) A@0).

For the particular case of HPPPs with density 4, it can be further simplified as

Mo (f) = exp (—A /R - f(x))dx) .

This also implies that, with an HPPP, the LT of a RV Z which can be expressed as
Z = ¥x,eo f(X;) is given by

L7(s) = exp (—A / ] (1 - e-sf<X>) dx) . (5.3)

5.2.4 Displacement Theorem

The displacement theorem for PPPs is detailed in Box 5.9.

5.9: Displacement Theorem

The transformation of a PPP ® € R"” with intensity measure Ag by a prob-
ability kernel p : R” x A c R” — [0,1] is a PPP &’ € R" with intensity
measure Ay, such that

Ay (A) = /R ) p(x, A) Ap(dx).

| 145



5 | Stochastic Geometry Framework

For the particular case of HPPPs with density 4, it can be further simplified as

Ag (A) = /1/R"p(x, A) dx.

When expressed in terms of density instead of intensity measure, the displacement
theorem is rewritten as Box 5.10. This formulation is more easily interpreted, as it
directly involves the probability density function of the displacement vector between
the two spaces, for every point of the initial space.

5.10: Displacement Theorem (Densities)

The transformation of a PPP @ € R” with density A following the probability
density function of the displacement vector fy|x : R" X R" — [0, 1] from
x € R"tox’ € R” isa PPP @ € R" with density A’, such that

M) = [Rn Sfox(X'[x)A(x) dx.

The deterministic displacement by a bijection g : R* — R", also named mapping,
is a particular case of the displacement theorem where a point x € R” is transformed
into a point g(x) € R™ with probability 1. In that case, the resulting PP is a PPP
@’ € R” with intensity measure Aq expressed as

Ay (A') = Ap(g7 ' (A")), A cR”.

Thanks to that property, it can be shown that any HPPP is stationary and isotropic
(i.e. motion-invariant), namely that any translation or rotation of an HPPP results in
another HPPP with the same density [Di 16].

5.2.5 Thinning Theorem

The thinning operation of a PPP ® € R" is an operation for which each point X; €
® is kept in the PP with a probability p : R* — [0,1]. The thinning theorem
is detailed in Box 5.11. Note that the thinning theorem is also a consequence of
the displacement theorem of Box 5.9 for which the points of the hyperplane R”
are displaced independently out of the hyperplane in R™*! with probability 1 — p.
The generated PPP @, is then composed of the points which are still in the initial
hyperplane.

5.2.6 Superposition Theorem

The superposition operation of k PPPs ®; € R", i = 1,...,k is an operation which
combines all the PPPs to form the PP & = U’i‘=1<1>,-. The superposition theorem is
detailed in Box 5.12.
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5.11: Thinning Theorem

The thinning operation of a PPP ® € R"” with intensity measure Ag by a
probability p : R” — [0, 1] generates a PPP @, € R” with intensity measure
A . such that

Aq,p(.?{) = / p(x) Ap(dx), A eR".
A
Furthermore, the PP ®;_, € R” composed of the points which have been in-

dependently removed from ® with probability 1—p is also a PPP, independent
of ®,, with intensity measure Ag, , expressed as

Ay, () = /ﬂ (1- p(x) Ao(dx), AR

5.12: Superposition Theorem

The superposition operation of K PPPs {®;} € R", k = 1, ..., K with intensity
measures Ay, generates a new PPP ® = U;‘:lt‘l)i with intensity measure Ag
expressed as

K
Aop(A) = ZAq)k(Kﬂ), A e R".
k=1

5.2.7 Slivnhyak-Mecke’s Theorem

The Slivnyak-Mecke’s theorem, based on the Palm theory introduced in Section 5.1.2,
is detailed in Box 5.13.

5.13: Slivnyak-Mecke’s Theorem

The reduced Palm distribution of a PPP & € R" is equal to its original distri-
bution.

This theorem means that a PPP ® € R” keeps the same distribution, even if one
of its points is removed. It is a consequence of the independence between the number
of points of the PPP in any disjoint set: removing the point X; € ® is equivalent to
suppress from the PPP an infinitesimally small ball 8(X;, €) € R" centred at X; with
radius € — 0. This does not affect the distribution of the points in R" \ B(X;, €) by
definition of the PPP, and therefore does not affect the initial PPP as € — 0 [AGD16].
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Fig. 5.3 Illustration of a PLP in R?,

5.3 Poisson Line Process

The Poisson Line Process (PLP) generalises the two-dimensional PPP by distributing
lines in R? instead of points [Dem23]. These lines are fully characterised with two
parameters:

1. the radial distance y; from the origin;

2. the angle 0; measured in the counter-clockwise direction between an axis of
reference (i.e. the horizontal axis), and the line formed by the projection of the
origin on the line of the PLP.

The PLP can therefore be generated from the following process:
® = {(y,0;) e R* x [0, 27, i e N}.

The process ® can represent any planar line process, as the radial distances and angles
are generated arbitrarily. The PLP is the particular case for which the radial distances
are generated following a PPP in R*. An example of PLP is illustrated in Figure 5.3.

The Cox PLP is obtained by associating a PPP with each line of the PLP, modelling
node locations along the lines. Regarding the angles 6;, they are usually are
distributed uniformly in [0, 27[. If the angles are drawn from the discrete set of
angles {0, /2, &, 37 /2} with a uniform probability, one obtains the particular case
of the Manhattan PLP, containing only vertical and horizontal lines. Note that the
Manhattan PLP can also be characterised with two independent PPPs in R. Each
PPP respectively represents the coordinates of the crossings of the lines with the
horizontal and vertical axis.

Cox PLPs are especially useful to model stochastically a city in a large scale. Con-
trariwise to the two-dimensional PPP, the Cox PLP conditions the node locations by
the fact that they belong to a given line. One may also use Manhattan PLPs depending
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Abstraction of Cities with Poisson Line Processes

Manhattan

Brussels

Fig. 5.4 Abstraction of Brussels and Manhattan with Cox PLPs and Manhattan PLPs.

on the layout of the city. Figure 5.4 illustrates these PLPs, used as abstractions for the
cities of Manhattan and Brussels.
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Joint Performance Metrics
for Integrated Sensing and
Communication Networks

This chapter is a work carried out with the help of Charles Wiame, which I thank
warmly. I also thank Simon Demey for providing ray-tracing simulation results. Most of
the content is inspired from [De +24a] and [De +24c].

HE SG framework, presented in Chapter 5, has been widely used to evaluate
T the performance of wireless networks at a large-scale level. For that purpose,
relevant performance metrics are required, enabling to assess accurately the
performance of the network, and to perform optimisation of the parameters of the
network. Such metrics are defined in the literature for communication and sensing
applications. Still, since scenarios involving simultaneously both functions are
more and more analysed for future networks, a joint evaluation of the radar and
communication performance is required.

Therefore, this chapter focuses on the definition of joint performance metrics in
full-duplex ISAC scenarios. In such scenario, the analysis of the interactions between
both functions is critical for an accurate performance evaluation. First, Section 6.1
details usual radar and communication metrics from the literature, within the SG
framework. Then, novel joint metrics are proposed, and analytical expressions are
obtained in Section 6.2 for a vehicular scenario. Finally, results obtained with the
SG framework are compared to RT simulations in Section 6.3, in order to assess the
relevancy of the developed analytical expressions.

6.1 Performance Metrics in Stochastic Geometry

As described in Section 1.4 of Chapter 1, numerous performance metrics have been
defined in the literature, both for sensing and communication. In this section, common
metrics are presented for both functions within the SG framework. Additionally, new
joint metrics are proposed for JCAS applications.
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6.1.1 Communication Metrics

For communication applications, several performance metrics which are evaluated
include the coverage probability, the spectral efficiency, the energy efficiency and the
average exposure. Most of them are functions of the SINR at the receiver. Many papers
analysing wireless communication scenarios through these performance metrics are
presented in [Hma+21].

6.1.1.1 Coverage and Outage Probability

The coverage probability (resp. outage probability) is defined as the probability that
the SINR y at the communication receiver is higher (resp. lower) or equal than a
predefined SINR threshold 5. The coverage and outage probability are therefore
respectively equal to Complementary Cumulative Distribution Function (CCDF) and
Cumulative Distribution Function (CDF) of the SINR. Expressions of these metrics
are provided in Box 6.1.

6.1: Coverage and Outage Probability

Coverage probability: Cn) =Py (x=n)
Outage probability: O(n) 2P, (x<m =1-C(n)

The coverage probability is directly related to the rate and spectral efficiency, as it
will be detailed in Section 6.1.1.2. It is also related to the BER, as it is also a function of
the SINR. For instance, to achieve a BER of 10~ with a QPSK modulation at a given
probability, the SINR threshold should be set to at least 9.8 dB.

6.1.1.2 Rate and Spectral Efficiency

The rate or capacity is defined as the maximum number of bits per second that the
communication receiver is able to decode without any error in a given bandwidth
B. Similarly, the spectral efficiency is defined as the rate divided by the bandwidth.
Denoting by y the SINR of the communication receiver, the CCDFs of these quantities
are given in Box 6.2.

6.2: Rate and Spectral Efficiency

Rate: R(r) £P, (Blog,(1+y) > 1)
Spectral efficiency: ~ R.(7) = P, (log,(1+ x) > 1)

Both metrics can be computed from the coverage (or outage) probability, and vice
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versa:

R(r) =P, (Blog,(1+y) > 1) =P, (x > 26— 1) -C (z% - 1),
Re(r) =P, (log,(1+ ) >7) =P, (y>2"-1) =C(2" - 1). (6.1)
In other words, requiring the SINR to be higher than a given threshold n with a

given probability is equivalent to requiring the rate to be higher than a threshold
7 = Blog, (1 + 1) with the same probability, and vice versa.

Under standard modelling assumptions [Di +18], one can also compute the average
rate and spectral efficiency, following Box 6.3.

6.3: Average Rate and Spectral Efficiency

= BE, [logz(l + )()]
2 By [log,(1+ x)]

Average rate: R
Average spectral efficiency: R.

Again, both average metrics can be computed by integrating the coverage (or outage)
probability. For the average spectral efficiency,

L[,

R, / v (log,(1+ x) > 1) dr—/ C(2 —l)dr—1 5 Ton

Yet, in some works, another definition of the average rate (or spectral efficiency),
also named potential throughput, is considered, as defined in Box 6.4. With the defi-
nition of Box 6.3, an average over the possible realisations of the SINR is computed.
Therefore, it assumes that the channel statistics remain unchanged (i.e., stationarity
is assumed) for every realisation of the network, and ergodism (i.e. short chan-
nel coherence time) is required. Contrariwise, in Box 6.4, no average is computed.
Nonetheless, the rate which would be achieved if a SINR threshold 7 is required to
decode successfully the signal is pondered by coverage probability at this threshold.

6.4: Average Rate and Spectral Efficiency (Potential Throughput)

Average rate: 7%(77) £ Blog,(1+1) C(n)
Average spectral efficiency: fze(n) £ log,(1+1) C(n)

6.1.1.3 Energy Efficiency

In order to evaluate the rate with regard to the consumed power, the energy efficiency
is defined in Box 6.5 as the rate divided by the total power consumption P of the
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network. One can also compute the average energy efficiency as Box 6.6, following
either the definition of Box 6.3 or Box 6.4.

6.5: Energy Efficiency

B
EWv) 2P, Flog2(1+)() >y

6.6: Average Energy Efficiency

B
Following Box 6.3: & = P E, [log,(1+ )]

Following Box 6.4: &) £ g log,(1+n) C(n)

Some works define the average energy efficiency based on the average spectral
efficiency and the total power consumption per unit area [Moz+16; QCK11; CQK12].
Nonetheless, the total noise power is a function of the bandwidth, making these
definitions less relevant.

6.1.1.4 Exposure

The exposure is defined as the probability for the total power to exceed a given power
threshold y at a given location. If this location corresponds to the position of a
communication receiver, one can distinguish the power S of the desired signal, and
the interference I from other transmitters. Otherwise, there is no desired signal, and
every source is considered as an interference. This is summarised in Box 6.7. One can
also compute the average exposure as Box 6.8.

6.7: Exposure

With a desired signal: U(y) £2Pss (S+I>y)
With interference only: Uy) =P (I>y)

6.1.2 Sensing Metrics

Sensing performance metrics are mostly derived from communication performance
metrics. They include the detection probability, the false alarm probability, the success
probability, and the estimation rate. They are either functions of the received powers,
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6.8: Average Exposure

With a desired signal:

With interference only:

or SINR at the radar receiver. Section 6.1.2.1 provides some examples of radar scenarios
analysed in the literature.

6.1.2.1 Sensing Metrics in the Stochastic Geometry Literature

In the SG literature, [MSP18] analyses the CDF of the interference with a population
of pulsed-radar devices, [RSG20; RSG21; RG22a] consider the radar performance in a
cluttered environment, and [PH18] evaluates the detection probability when multiple
obstacles are distributed around the radar systems. Many automotive scenarios have
also been studied. Namely, [Fan+20a] compares the performance obtained with
different random RCS models. To model the position of the vehicles, instead of using
PPP, [Al-+18] proposes to use a 1D lattice, and [MSO20] uses 2D Matérn HCPPs. In
[Fan+20b], an arbitrary number of lanes in both directions is considered, and the
reflected interference from vehicles on neighbouring lanes is taken into account. In
[Chu+20], a multiple lane scenario is also considered, with front- and side-mounted
radars with directional antenna patterns. To obtain a fine-grained analysis, [Gha+21;
GKG22] evaluate the meta distribution of the SINR, which enables to analyse the
reliability of the detection at each individual vehicle.

6.1.2.2 Detection and False Alarm Probability

The detection probability is defined as the probability that the total received power
at the radar receiver, i.e. the radar echoes U from the targets and the interference I
from other transmitters, is higher than a predefined threshold y, given the presence of
targets. Contrariwise, the false alarm probability is defined as the probability that the
total received power at the radar receiver, i.e the interference from other transmitters
only, is higher than the threshold y, given the absence of targets. These metrics are
summarised in Box 6.9.

6.9: Detection and False Alarm Probability

Detection probability: D(y) £Psi(S+I1=y)
False alarm probability: Fly) 2Pr(I>=y)
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6.1.2.3 Success Probability

The success probability is defined similarly as the coverage probability. Namely, it
is the probability that the SINR y at the radar receiver is higher than a predefined
threshold 7. Its expression is provided in Box 6.10.

6.10: Success Probability

S =Py (x=n)

In many works presented in Section 6.1.2.1, this metric is also named detection
probability. The relation between both metrics has been clarified in Section 1.4.4 of
Chapter 1. For a given false alarm probability requirement, the SINR threshold is set
to achieve a given detection probability. For instance, as illustrated in Figure 1.11, a
detection probability of 50% is achieved with a false alarm requirement of 1077, for a
SINR threshold of 12 dB. Again, it can also be related to the radar estimation rate, as
detailed in Section 6.1.2.4.

6.1.2.4 Estimation Rate

The estimation rate is defined similarly to the communication rate. It is a measure of
the information about the target, retrieved from radar measurements [Bli14]. For a
given radar with pulse repetition interval Tpg; and SINR y at the receiver, it is defined
in Box 6.11.

6.11: Estimation Rate

N 1
Rr(’l') = PX (m lng(l +X) > T)

The estimation rate can be computed from the success probability, and vice versa:

1
Ry (1) =P, ﬁ10g2(1+x) > 1—) =P, (X > 92Teri T _ 1) =S(22TPRIT_ 1).

In other words, requiring the SINR to be higher than a given threshold 1 with a
given probability is equivalent to requiring the estimation rate to be higher than a
threshold 7 = #pm log, (1 + n) with the same probability.

One can also compute the average estimation rate, following Box 6.12.

Again, the average estimation rate can instead by computed by integrating the
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6.12: Average Estimation Rate

R 1
r= 2Tom E, [logz(l +)()]

success probability. For instance,

r

= / Py (log,(1+ x) > 1) dr
2Tpr1 Jo
1 © 1 < 8S(n)
= 2F—1)dr = dn.
2TPRI ‘/0‘ S( ) 4 2TPRI In2 _/0‘ 1+ n 1

6.1.3 Joint Radar and Communication in the Stochastic Geome-
try Literature

Considering JCAS applications, many works have been published, regarding either
coexisting radar and communication or co-designed systems. In the former, with
coexisting systems, [RMP19; RMP20] evaluate the radar range and the communication
coverage probability of a JCAS network with Time Division Multiple Access (TDMA).
The interference from a rotating radar sharing the same spectrum as a cellular system
is considered in [KII21], whereas [Rao+21] analyses the interference of a massive
Multiple-Input Multiple-Output (MIMO) cellular network on a radar system. Finally,
the development of Cooperative Multi-Point (CoMP) detection is presented in [SPK20;
SPK22]. In the latter, with co-designed systems, [Fan+19] evaluates the cooperative
detection volume of an ISAC system where targets are detected with the main beam,
and different BSs cooperate by communicating through the secondary beams. The
increase of communication rate with ISAC systems is evaluated in [RG22b], and an
analytical framework to optimise the system parameters is proposed. Regarding
automotive applications, the cooperative detection range is evaluated in [Ma+19] and
[Gho+21], respectively with spectrum allocation between both functions or with an
ISAC system. This range is defined as the total range in which targets are detected by
multiple vehicles communicating with each other.

6.1.4 Joint Performance Metrics

In order to evaluate the performance of multiple links or functions simultaneously,
joint metrics have recently been defined by combining existing communication
metrics. For instance, [SZA15] considered jointly the achieved rate in the uplink and
downlink. Another example is simultaneous wireless information and power transfer,
analysed in [DL17].

Nevertheless, joint statistics for both the radar and communication functions is
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also interesting:

1. Both functions mutually interfere, requiring a joint evaluation of the perfor-
mance achieved by both functions, as they are highly correlated.

2. In addition to recovering the univariate metrics, conditional metrics can also be
defined from joint metrics, enabling to study the performance of one function,
given a requirement on the other function.

3. Joint metrics enable to provide a single objective function, which takes into
account both functions simultaneously to optimise the parameters of ISAC
systems. No additional constraint is required, or they can be integrated into
the objective function using the conditional metrics.

For instance, recently, in the literature, [Gan+24] has analysed the ISAC performance
through a joint metric in a cooperative scenario, where multiple BSs participate for the
positioning of UEs, while it receives data from the nearest BS. In this thesis, two novel
joint metrics are proposed: the joint radar detection and communication coverage
probability, and the joint radar success and communication coverage probability.

6.1.4.1 Joint Radar Detection and Communication Coverage Probability

The joint Radar Detection and Communication Coverage Probability (JRDCCP) is
defined as an extension of the communication coverage probability, detailed in Section
6.1.1.1, and the radar detection probability, detailed in Section 6.1.2.2. It is defined as
the probability to jointly achieve a communication SINR yc higher than a predefined
communication SINR threshold 7c, and receive a total power, i.e. the radar echoes Sg
from the target, the interference Ix for the radar function, and the noise W, higher
than a predefined radar power threshold y. Its expression is given in Box 6.13. The
JRDCCP metric is always defined in pair with the false alarm probability (Section
6.1.2.2), as the radar power threshold yg is set to achieve a given false alarm probability
requirement:
F(yr) =P (IR+WR = yr) .

6.13: Joint Radar Detection and Communication Coverage Probability

I (e, ¥r) = Pyespr (xc 2 ne, Sk + IR+ WR 2 yr)

From the JRDCCP, one can compute the communication coverage, and the radar
detection probability as

C(ne) = leigO%(UC, YR)» (6.2)

D(yr) = Ulcigojb(nc, YR)- (6.3)
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6.1.4.2 Joint Radar Success and Communication Coverage Probability

The Joint Radar Success and Communication Coverage Probability (JRSCCP) is defined
as an extension of the communication coverage probability, detailed in Section 6.1.1.1,
and the radar success probability, detailed in Section 6.1.2.3. It is defined as the
probability to jointly achieve a communication SINR yc higher than a predefined
communication SINR threshold 7c, and a radar SINR yg higher than a predefined
radar SINR threshold 7. Its expression is given in Box 6.14.

6.14: Joint Radar Success and Communication Coverage Probability

Js(ncsmr) = Pyew (xc = e, xr = 1R)

From the JRSCCP, one can compute the communication coverage probability and
the radar detection probability as

C(ne) = Ulkigoflé(nc, 1R), (6.4)

S(nr) = Ulcigo.ffs(ﬂc, 1R)- (6.5)

6.1.4.3 Fréchet Upper and Lower Bounds

The Fréchet inequalities are the simplest relations to obtain upper and lower bounds
for joint metrics directly from their associated univariate metrics [Fré35]. They are
summarised in Box 6.15.

6.15: Fréchet Inequalities

Pxy (X >xY >y) > max (0,Px (X > x) +Py (Y > y) — 1)
Pxy (X = xY >y) <min(Px (X > x),Py (Y > y))

Applying the Fréchet to the JRDCCP and JRSCCP metrics of Boxes 6.13 and 6.14,
one obtain the upper and lower bounds given in Box 6.16.

6.16: Fréchet Upper and Lower Bounds for the JRDCCP and JRSCCP

max {0, C(nc) + D(yr) — 1} < I (e, yr) < min {C(nc), D(yr)}
max {0, C(nc) + S(nr) — 1} < Fs(nc, nr) < min{C(nc), S(nr)}
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6.1.4.4 Conditional Metrics

One can be interest in the performance achieved by one function, given a requirement
on the other function. More specifically, on the one hand for the communication, the
communication coverage probability can be evaluated given a fulfilled radar detection
or success probability requirement. Conditioning the JRDCCP and JRSCCP of Boxes
6.13 and 6.14 w.r.t. the radar function, the conditional metrics of Box 6.17 are obtained.

6.17: Communication Conditional Metrics

Jep (melyr) = Pyejser (xe 2 ne [ Sr+1Ir 2 yr) = Io(ne, vv)
D(yr)
A j( , )
Jes(nelnr) = Pyelw (re 2 me | xr 2 1r) — eBUlG R
S(nr)

On the other hand, for the radar function, the radar detection or success probability
can be evaluated given a fulfilled communication coverage probability requirement. By
conditioning the JRDCCP and JRSCCP of Boxes 6.13 and 6.14 w.r.t. the communication
function, the conditional metrics of Box 6.18 are obtained.

6.18: Sensing Conditional Metrics

A j !
Joc(rrlne) 2 Pogriye SR+ R =y | xc = nc) = b(77c: YR)
C(nc)
= Js(nc,
Fsic(mrlne) = Pyyjxe (rr 2 & | X 2 1c) _ (e, mr)
C(ne)

6.2 Application to a V2X Scenario

In this section, the evaluation of the different metrics presented in Section 6.1 is
performed in a full-duplex V2X scenario, which belongs to the category of scenarios
presented in Section 1.1.2 of Chapter 2.

6.2.1 System Model

Let us consider the two-lane V2X scenario illustrated in Figure 6.1. The vehicles are
all equipped at the front side with an ISAC system. The transmitted powers, and the
antenna beamwidths at the transmitter and receiver of the vehicles are respectively
denoted as Py, ¢yt and ¢v;. The typical vehicle simultaneously receives a radar echo
reflected by the first vehicle in front and driving in the same lane, and a communication
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Full-Duplex ISAC Automotive Scenario

R
<~

Typical vehicle

Fig. 6.1 Considered two-lane V2X scenario.

signal from the nearest RSU ahead. The transmitted power and antenna beamwidth
of the RSU at the transmitter are respectively denoted as P, and ¢y;. The distance
perpendicular to the road direction between the typical vehicle and the RSU (resp.
the centre of the opposite lane) is denoted dc¢ (resp. di). The minimum and maximum
detectable range of the radar function, the minimum distance parallel to the road
of the communication signal, and the minimum distance parallel to the road of the
interfering signals, are respectively denoted as rrmin, "Rmax> "Cmin and 7min. Note that
TCmin and rimin are directly related to the antenna beamwidths of the different systems:

dc S dr
tan (min(fre, ¢ve)/2) " tan (min(pye, dvi)/2)

FCmin = (66)
The echoes arising from vehicles driving in the opposite direction are not considered
in this work. This assumption is motivated by the stronger attenuation affecting
the radar echoes compared to the interfering signals, and the use of directive
beamforming at the transmitter. Interference Cancellation (IC) of the interfering
echoes at the communication function based on the acquired radar information
could also be implemented following the approach presented in Chapter 9, but
this is not studied in this thesis. Nevertheless, it is still assumed that this scenario
is interference-limited owing to the high interference arising from the vehicles
driving in the opposite direction. Therefore, the noise is neglected in this Chapter 6.2.2.

As detailed in Section 1.1.2 of Chapter 1, this V2X application is a variation
of the full-duplex ISAC scenario. For the communication function, the radar echo
generated by the typical vehicle is considered as an interference. Contrariwise, for the
radar function, the communication signal transmitted by the RSU is considered as an
interference. Moreover, the signals transmitted by the vehicles driving in the opposite
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lane are interfering with both functions. The self-interference is not considered in
this work, as this issue is not specific to ISAC scenarios, but to full-duplex systems in
general. It is assumed that it has been mitigated through EM isolation, beamforming,
self-interference cancellation, or other techniques. The extension of the two-lane V2X
scenario into a multi-lane scenario is proposed in Section 6.2.4.2.

6.2.1.1 Nodes Distribution using Point Processes

Assuming that the typical vehicle is located at r = 0 m, the vehicles driving in the
direction of the typical vehicle, the interfering vehicles on the opposite way, and the
RSUs are distributed on three parallel lines following three independent PPPs ®g, ®;
and ®c, of intensities respectively given by

AR(r) =1 (rRmin <r< rRmax):
A(r) =4 1 (rmin < 7),
Ac(r) =Ac 1 (remin £7),

where Ag, A; and A¢ are respectively the densities of vehicles driving on the same lane
as the typical vehicle, the density of interfering vehicles, and the density of RSUs.

PPPs have been selected to model all the node locations, owing to their tractability
and analytical flexibility. Other existing PPs, e.g. HCPPs and PCPs, presented in
Section 5.1.1 of Chapter 5, are by contrast more accurate for modelling real world
scenarios, at the price of a higher complexity [Hma+21]. The integration of these PPs
in the proposed models is discussed in Section 6.2.5.

6.2.1.2 Propagation Models

Following the models detailed in Section 3.1.4 of Chapter 3, linear path-loss models
are considered:

[Le(r)]a = [Brlas + 10 ax log,o (),

where k € {R, C,I} designates the considered link, aj is the path-loss exponent, and
P the intercept.

Communication link: For the communication link, the received power Sc is given

by the Friis formula of Box 3.1:
Se(r) = PG~ 10 [+ d2) = pe (4 2)”F
c(r) =P ¢t ke r2+di|=pc(r*+di) 7,

PL GC C2
nf? po

where

[I>

pPc
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In this equation, r is the distance between the two nodes parallel to the road, f; is the
carrier frequency, and Gc is the gain of the complete communication link. The small-
scale fading has been neglected for the sake of tractability. However, it is assumed
to be highly Ricean [Sti113], since the RSU is located on the same side of the road
than the typical vehicle, and high frequencies, i.e. 24 or 77 GHz, are considered in
automotive scenarios.

Interfering links: For the interfering links, the total interfering power is also

computed with the Friis formula:

R B _a
1= Z PVGIFJL‘ZLII( x12+d12) |hi|2= Z p1 (x12+d12) 2 |hi|2’

i|x;€d; i|x;edr

where
N PV GI C2
anfi pr
The beamforming gain of the complete interfering link is denoted as Gy, and |h;|? are
small-scale fading RVs, also supposed to be Ricean-distributed.

p1

Radar link: Regarding the radar link, following the discussions of Chapter 3, the
received power Sr is modelled following the RT propagation model, presented in
Section 3.1.3 of Chapter 3:

2

c -1 _
Sr(r) = Py Gr chz Ly™ (2r) = prr™ ™%, (6.7)
where
. PV GR C2
PR E —— .
anf? Pr

The gain of the complete radar link is denoted as Gr. The small-scale fading is also
neglected, but it is again supposed to be highly Ricean. The RT model is motivated
by the high carrier frequency considered in automotive scenarios. For example, the
Fraunhofer distance for a target with a maximum dimension of 1 meter is higher
than 100 meters for carrier frequencies of both 24 and 77 GHz.

To simplify the notations of the next sections, the following definitions are intro-
duced:

= The distance between the typical vehicle and the next vehicle driving ahead is
denoted as rg.

m The distance between the typical vehicle and the nearest RSU parallel to the
road is denoted as rc.
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Relation between Metrics and Preliminary Results

Coverage probability C(7c)

J

False alarm probability F(yg)

Detection probability D(yg)

N

Success probability S(ng)

J

Preliminary results:

( PDFs of Sk and S¢ j

p
JRDCCP
Ip(ne, 1r)
&
P
JRSCCP
Js(nc,mr)
A\

(Laplace transform of |hi|2j

—

( Laplace transform of I J

Upper and lower bounds
for joint metrics

Conditional metrics
Jep(nelr)
Jais(nelnr)
Ipic(rnc)
Jsic(mrlnc)

Fig. 6.2 Preliminary results and metrics computed in Section 6.2.2.

m The received useful power for the radar link is rewritten as Sg = Sr(rr).

m The received useful power for the communication link is rewritten as S¢ =

Sc(re).

» The minimum and maximum useful power for the radar link are rewritten as
SRmin = SR("Rmax) and Srmax = SR ("Rmin)-

= The minimum and maximum useful power for the communication link are

rewritten as Scpin = Sc(Femax) and Scmax = Sc (Femin) -

6.2.2 Development of the Metrics

In order to obtain closed-form expressions of the univariate, joint and conditional
metrics, preliminary results are first required, namely the PDFs of Sg and Sc, the
LT of the Ricean small scale fading, and the LT of the interference I. These results

are computed in Appendices 6.A and 6.B. Then, the Gil-Pelaez theorem and two

useful operators are defined in Section 6.2.2.1. Finally, all the metrics are computed in
Appendices 6.C to 6.H, and the results are summarised in Section 6.2.2.3. Figure 6.2
illustrates the relations between the different considered metrics, and the required

preliminary results.
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6.2.2.1 Gil-Pelaez Theorem and Operators € and

The Gil-Pelaez theorem enables to compute the cumulative distribution function of a
RV X based on its characteristic function ¢x [Gil51]. It is summarised in Box 6.19.

6.19: Gil-Pelaez Theorem

o= % - %/Om % Im {¢x (r) e™/™} dr

6.2.2.2 Operators € and B

Two operators are defined to simplify the expressions of the metrics. First, the operator
€ enables to rewrite the expectation of a function g : R* — R™ withn,m € N, in a
given domain Q C R™:

€o [9(X)] =Ex [9(X) 1 (X € Q)].

Then, the operator P is derived from the Gil-Pelaez theorem. Defining two
functions g; : C = Cand g, : CxXR" — C, for a given domain Q C R", it is defined

as
11 et

PB(g1,92; Q) = €q [5 - —/ = Im {g1(—)7) g2(=j7, X)} dr|.
T Jo T

6.2.2.3 Summary

A summary of the expressions obtained for the computation of the different metrics
is provided in Table 6.1. In order to evaluate these metrics, averaging on the variables
Sg and Sc is performed, using the PDFs of (6.13) and (6.14). The computation of the
LT of the interference I given in (6.11) is also required. It itself depends on the LT of
the small-scale fading, obtained in (6.12).

For the JRSCCP to be non-zero, the condition of Box 6.20 has been obtained. This
result highlights a trade-off between the communication and radar functions: it is
impossible to achieve simultaneously arbitrarily high radar and communication
SINR thresholds requirements, the useful power of one function being detrimental
for the other. This condition seems too restrictive to enable both functions to work
simultaneously. Nonetheless, one may instead consider the SINR of the decision
variable in the JRSCCP. In that case, the threshold of 0 dB is shifted by the processing
gains of both functions, enabling to achieve correct performance for both functions.

For each point of the metrics, four integrations are required, respectively over
Sg and Sc in the operator €, 7 in the operator B, and r in the LT of the interference.
For the false alarm probability, as it does not depend on Sy, it is limited to three
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Metric

Function ¢

Region Q

Coverage probability
C(nc) = P(Lr Yc: Qc)

Jeto) = exp (3 - )

SRmin < Sk < §)
ch{ Rmin R Rmax}

ncSr < Sc < Scmax

False alarm probability
F(rr) =1-B(Lr ¥r: Qr)

Ve (s) = exp (s(yr — Sc))

Qp = {0 <S8 < min(YR! SCmax)}

Detection probability
D(yr) =1-B(Lr ¥p; Qp)

¥n(s) = exp (s(yr = Sz = Sc))

Q SRmin < SR < SRmax
D = .
0< SC < mln(YR - SR, SCmax)

Success probability S Srmin < SR < Skmax
(s) = S g Qs =
S(UR) = gB(-CI: ¢S; QS) ]//5(5) &P (S (”R C)) S 0<S < min(SR/qR, SCmax)
SRmin < SR < SRmax
JRDCCP Y1(s) = Ye(s) Q=4 " -
T (16 7) = B(L1, Yioss i) max (7cSk, YR — SR) < Sc < Scmax

+ B (L, ¥p2; Qp2) — €qy,

]

Srmin < SR < SRmax

2 - _ -
o =B =) O I i 5, )
SRmin < SR < SRmax
= Qg1 = 1
JRSCCP Ysi(s) = yels) St neSr < Sc < min (*ﬂC(”R *+1) SR,SCmax)
Js(nesmr) = B(Lr, ¥s15 Qs1) nr(nc +1)
+ $(~£l> ¢SZ; QSZ) SRmin < SR < SRmax
Us2(s) = s (s) Qs2 =3 nc(mr +1)

S
Sg £ S¢ € min (i,scmax)
nr(nc +1) 1R

Table 6.1 Computation of the different metrics. The regions Q and functions ¢ are
obtained in appendices 6.C to 6.H. Moreover, the regions have here been merged with
the minimum and maximum values of Sg and Sc.
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6.20: Requirement Trade-off for the JRSCCP

nenr <1 & [nclas + [rlas < 0dB

Parameters ‘ Values
Transmitted powers Py = P, = 20 dBm
Beamforming gains Gr=Gc=Gr=1
Minimum detectable range FRmin = 5> M
Antennas beamwidths Py =22.5° Pyr = Py =45°
Path-loss coefficients Pr=Pc=p=4n
Path-loss exponents aR=2,0c=ar=3
Nodes densities Av = 0(;21 1;1010(/}; :1?1'01 m™,
Street topology dc=25m,di=3m

Table 6.2 Parameters of the scenario for Section 6.2.3.

integrations. In order to reduce the complexity, one may first pre-compute the LT
of the interference, as it is used in every metrics, and does not vary with Sg and Sc.
Then, using the Gil-Pelaez theorem, its CDF may also be pre-computed. Therefore,
having computed the CDF beforehand, only two integrations must be performed for
each point of the metrics, except for the false alarm probability, which requires only
one integration.

6.2.3 Numerical Analysis

In this section, numerical analyses are performed based on the scenario defined in
Table 6.2. First, the different metrics are presented. MC simulations are performed to
validate the analytical models. Then, optimisation w.r.t. the RSUs transmitted power
and density is performed.

6.2.3.1 Analysis of the Metrics

Figure 6.3 illustrates the false alarm probability, the detection probability and the
JRDCCP, obtained with SG and MC simulations. As expected from their definitions
given in Box 6.9, the false alarm probability is lower than the detection probability at
any threshold. The false alarm and detection probabilities decrease to zero when the
radar threshold increases. Therefore, the number of false alarms is lowered at the
price of fewer detections. For low values of the radar threshold yg, corresponding
to high false alarm probabilities, the detection probability is close to one, and the
JRDCCP tends to be equal to the communication coverage probability. Contrariwise,
for low values of the communication Signal-to-Interference Ratio (SIR) threshold 7,
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False Alarm and Detection Probability F(vr) & D(yr) JRDCCP Jp(nc,1r)
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Fig. 6.3 False alarm and detection probability (left), and JRDCCP (right). The white
area corresponds to the region delimited by the Fréchet upper and lower bounds of
the magenta curve, given in Box 6.16.

the communication coverage probability is close to one, and the JRDCCP tends to be
equal to the detection probability.

The same behaviour is observed with the JRSCCP, shown in Figure 6.4. For low
values of the radar SIR threshold 7R, the radar success probability is close to one, and
the JRSCCP tends to be equal to the coverage probability. By contrast, for low values
of nc, the coverage probability is close to one, and the JRSCCP tends to be equal to
the radar success probability. Additionally, the condition given in Box 6.20 is verified:
whatever the values of nr and 7c, the metric decreases to zero when the sum of the
SIR thresholds in dB exceeds 0 dB. This condition illustrates directly that a trade-off
should be achieved between the radar and the communication function. Owing to the
negative impact of the communication signal on the radar function and vice-versa,
arbitrarily high performance cannot be achieved simultaneously for both functions.

Two conditional metrics are also illustrated in Figure 6.3d, namely Jc|s and Jsc,
defined in Boxes 6.17 and 6.18. For these metrics, the same condition applies: among
the vehicle achieving a communication (resp. radar) SIR of at least ¢ (resp. nr) in dB,
there is a zero probability of achieving a radar (resp. communication) SIR higher than
—nr (resp. —1c) in dB. This illustrates again the trade-off between the radar and the
communication function. It is not possible to achieve arbitrarily high performance
with one function given an arbitrary high requirement for the other function.

The Fréchet upper and lower bounds are illustrated in both Figure 6.3 and 6.4.
In each case, the bounds become tighter as the joint metrics are evaluated for lower
thresholds. At these thresholds, the joint metrics tend to be equal to radar or commu-
nication metrics (detection, success and coverage probability), and the bounds merge

168 |



Application to a V2X Scenario | 6.2
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Fig. 6.4 JRSCCP (a), cut along the 5c-axis (b), cut along the 7R -axis (c), and conditional
metrics (d). The white areas in (b) and (c) correspond to the regions delimited by the
Fréchet upper and lower bounds of the magenta curves, given in Box 6.16.
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JRSCCP Js(nc,nr) (nc=-20 dB, nr=-10 dB)

_ [PLlaBm = [Pv]aBm + []aB 0.6

€ 50 h

8

o 0.5

>

S a0

g 04

[}

Q

3 30

k=4 0.3

€

v

g 20

}

JJ; 0.2

<9

0

Ky

g 10 0.1
0+ T 0.0

0 10 20 30 40 50 60
RSUs transmitted power P, (dBm)

Fig. 6.5 JRSCCP against transmitted powers, with g = —10 dB and nc = —20 dB. The
optimal power ratio of (6.9) is denoted as y*.

with the univariate metrics.

6.2.3.2 Optimisation of the Network Parameters

One may use the joint performance metrics to optimise the transmitted power of
the vehicles and the RSUs, and the density of RSUs. First, regarding the JRSCCP, the
optimisation problem is formulated for given radar and communication SIR thresholds

nr and 5c as
P[Py =argmax Js(nc, nr; P, Py)
PPy
s.t. Pry < PL < Py, (68)

Py, < Py < Pym.

The minimum and maximum values for both the RSUs and vehicles powers are
respectively denoted as Pry,, Pim, Pym and Pyy. The problem can be formulated
similarly with the JRDCCP.

Figure 6.5 illustrates how the JRSCCP evolves for different vehicles and RSUs trans-
mitted powers Py and Pp, at given SIR thresholds 5c and nr. Under the interference-
limited scenario assumption, the JRSCCP can be expressed as a function of the ratio
1 = Pp/Py between the RSUs and vehicles transmitted powers. The power ratio
should be therefore set such that neither the radar nor the communication function
is disadvantaged, relatively to the required thresholds. Defining by Sc £ Sc/Py,
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JRSCCP Js(nc,mr) after Power Optimisation
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Fig. 6.6 JRSCCP for different radar and communication SIR thresholds 7g and 7c,
with the transmitted powers of the RSUs and vehicles optimised for each pair of
thresholds. The minimum and maximum powers are Ppm = PLM = 0 dBm and Py, =
Pym = 60 dBm.

Sp £ Sg/Py and I £ I/Py, (6.8) can be rewritten as

p*=argmax  Js(nc, nr; p)
p (6.9)
s.t. Hm < g < pm,

with py 2 Prn/Pym, v = Pov/Pym, and

Sc Sk
Fs(ne,nrsp) =Ps & 5 — 211G, = = > R)'
e A SwSe.d a SR+I 7 /15(;+I 7

This enables to perform a univariate optimisation to solve (6.9), for instance with a
1D grid search, or a golden-section search [Kie53]. When p* is found, one can select
the lowest power levels satisfying both y* = P/P{, and the transmitted powers
constraints.

The achieved JRSCCP after power optimisation is illustrated in Figure 6.6,
for power levels between 0 and 60 dBm. For each pair of thresholds, the joint
metric is optimised w.r.t. the RSUs and vehicles transmitted powers, and the
achieved performance is shown. Indeed, the JRSCCP is higher when low SIR
thresholds are required. Nevertheless, even if the metric is increased for every
pair of thresholds, condition Box 6.20 is still verified. Even with power optimisa-
tion, arbitrarily high SIR requirements cannot be set for both functions simultaneously.
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JRDCCP Jp(nc,vr) after Power Optimisation
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Fig. 6.7 JRDCCP for different radar thresholds ygr and communication spectral effi-
ciency thresholds 7¢c = 27C — 1, with the transmitted powers of the RSUs and vehicles
optimised for each pair of thresholds. The minimum and maximum powers are
Pim = Pym = 0 dBm and Prp = Pym = 60 dBm.

The same analysis is done in Figure 6.7 for the JRDCCP, in which the change
of variable of (6.1) has been performed to compute the joint radar detection and
communication spectral efficiency. Again, higher performance are achieved for
low radar thresholds ygr, but it also induces a higher false alarm probability. For
the considered scenario, radar thresholds up to -80 dBm give similar performance,
ensuring a communication rate of 0.8 bits/s/Hz or higher with a probability of at least
50%.

One can also be interested to optimise the transmitted power and density of
the RSUs to design the RSUs infrastructure. For instance, for given SIR thresholds
requirements, with the JRSCCP, the optimisation problem is formulated as

P, A =argmax  Js(nc, nr; P, AL)
PrAL
s.t. Pim < P < P,
Aem £ Py < Aem.
Minimum and maximum values for the density of the RSUs are respectively denoted
as Acm and Acym. The problem is solved in Figure 6.8 using a 2D grid search for

transmitted powers between 0 and 60 dBm, and densities between 103 and 5- 107!
m~2. Conclusions similar to Figure 6.5 are drawn. An increased density leads to a
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JRSCCP Js(nc,nr) (nc=-20 dB, nr =-10dB)
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Fig. 6.8 JRSCCP against RSUs transmitted power and density, with g = —10 dB,
nc = —20 dB, and Py = 30 dBm.

higher probability for the nearest RSU to be close, increasing the received power for
the communication function, but also the interference at the radar function, similarly
to the impact of an increase of the transmitted power. Consequently, increasing the
density also enables to reduce the transmitted power while keeping good performance.
Finally, one can observe than a higher JRSCCP is achieved for high densities and
low transmitted powers, compared to the one achieved for high transmitted powers
and low densities. At low density, the distance between the RSU and the vehicle is
large with a high probability, and a high communication power does not enable to
compensate the path-loss for every network realisation.

6.2.4 System Model Extensions

In this section, extensions of the system model are proposed, namely the introduc-
tion of interference cancellation capabilities, the generalisation to a multi-lane road
scenario, and the introduction of other point processes for modelling of the nodes
locations.

6.2.4.1 Introduction of Interference Cancellation

As discussed in Section 1.1.2 of Chapter 1, on the one hand, from the radar
point of view, any signal arriving at the receiver other than the radar echoes
is an interfering signal. On the other hand, from the communication point of
view, any signal arriving at the receiver other than communication signals of
interest is considered as interference. Enabling some cooperation between both
functions, communication signals which are decoded at the communication receiver
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could be (partially) suppressed at the radar receiver, and radar echoes which are
processed at the radar receiver could be (partially) suppressed at the communication
receiver. This could also handle the self-interference if the residual power of the
direct link is not saturating the frontend of the receiver, as the direct link can
be considered either as a radar echo, or a communication signal with a known payload.

In the considered scenario, we assume that the signals transmitted by the
interfering vehicles are not decoded by the typical vehicle. Therefore, the interference
arising from the opposite lane is not cancelled, but the cooperation of both functions
enables to mitigate the impact of Sg on the communication function, and Sc on the
radar function.

Interference cancellation is modelled in [TH15] by multiplying the interference
term by a factor { € [0,1], defining at which extent the interference has been
cancelled. Perfect interference cancellation is achieved when { = 0, whereas no
interference cancellation is performed when ¢ = 1. Another approach is followed in
[BJ09], which defines the coverage probability as the probability to simultaneously
have the interference-to-signal-plus-noise and the SNR higher than a given SINR
threshold. Instead, we assume in this section that the higher the SINR at the
communication (resp. radar) receiver, the better the interference cancellation at the
radar (resp. communication) receiver. Thus, leveraging on both approaches, we
introduce a { factor which depends on the performance of the decoding at the other
function.

Definition of the residuals: The residual interference (g is supposed to be high

when the radar SIR is low, as the radar receiver has difficulties to estimate correctly
the parameters of the radar echoes. The same applies for the residual interference (¢,
which is supposed to be high when the communication SIR is low, as the communica-
tion receiver has difficulties to estimate correctly the symbols and parameters of the
communication signals. Moreover, the interference level could even be increased
owing to an imprecise signal cancellation. Conversely, when these SIRs are high,
the interference is supposed to be efficiently cancelled, leading to nearly zero residuals.

For the sake of tractability, even if the total interference should be considered to
assess the efficiency of the interference cancellation scheme, we assume that these
functions do not depend on the interfering signals I, but only on the power of the
radar echoes and communication signals. In most of the simulated scenarios, it has
been observed that the powers Sg and Sc are large w.r.t. the interference, motivating
this assumption. Three different case are evaluated:

1. No interference cancellation is performed, leading to {r(Sc,Sr) = Sg and
Lc(Sc, Sr) = Sc. This gives back the results of Section 6.2.2.
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2. A perfect interference cancellation is performed at both functions, leading to
{r(Sc, Sr) = 0 and {c(Sc, Sr) £ 0. This is an ideal case, in which the radar and
communication functions do not interfere with each other after cancellation.

3. An imperfect interference cancellation is performed at both functions, depend-
ing on the ratio between the powers of the radar echoes and communication
signals, leading to the following residuals:

{r(Sc, Sr) = 5R§(§—i)’ {c(Sc, Sr) = Sc év(g—;)'

The function { should ideally describe the performance of the interference cancella-
tion scheme. In view of all the arguments set out above, an option is to defined it
following Box 6.21, with a and b two fitting parameters.

6.21: Residual Interference Function

a

{(x) =

1+xb

This function is illustrated in Figure 6.9 for different values of a and b. On the one
hand, choosing a > 1 enables to model the maximum increase of the interference for
low power ratios, respectively equal to a Sc or a Sk for the residual interference at the
radar and communication functions. On the other hand, the higher the value of b, the
higher the efficiency of the cancellation when the power ratio is higher than 1, but the
quicker the increase of interference in the opposite case. It can be shown that such
shape is relevant to model the residual interference, from the interference cancellation
schemes proposed in Chapter 9. Still, this definition is arbitrary and constitutes an
example. Yet, any residual functions can be introduced in the framework, as long as
they do not depend on the interfering power I.

Definition of the metrics: Introducing the residuals, the JRDCCP and JRSCCP of
Boxes 6.13 and 6.14 are respectively redefined as

ToC(nes yr) 2 Pseosr ( > nc, SR+ 4c(Sc, Sp) +1 = YR),

Sc
{r(Sc, Sp) +1
Sc > ne Sr
{R(Sc, Sr) +1 {c(Sc, Sr) +1

Js < (ne. ) = PSC,SR,I( > UR) :

Starting from these expressions, all the metrics with interference cancellation are
obtained following the same developments as presented in Appendices 6.C to 6.H.
This leads to the results summarised in Table 6.3. For readability, the residuals have
been shortened as {¢ = {c(Sc,Sr) and {r = (r(Sc, Sr). One may also obtain the
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Metric

Function ¢/

Region Q

Coverage probability
C*€(nc) = B(LLYE: Q)

IC(s) = exp (S (;TC - gR))

0< SC < SCmax

QIC —

C SRmin < ISR < ISRma\x

Sc—nclr 20

False alarm probability
FI () = 1 - B(Lp, s QL)

1 (s) = exp (s(yr = {c))

0< SC < SCmax
SRmin < SR < SRmax

{c 2w

IC _
Qp =

Detection probability
D(yr) = 1= B(Lr Y53 Q)

Uiy (s) = exp (s(yr = Sr = {c))

YR=SR—§c 20

Success probability
S'C(nr) = B(Lr Y QF)

VIS = exp (s (2 - gc))

0< SC < SCmax

QIC — SRmin < SR < SRmax
s = Sk
c—— =0
g .

JRDCCP
T (ne,yr) = B(Lr Y Q)

1
+P(Lr Yro; Q) — Core [5]

51(8) = Y& (s)

52(5) = YE () = Y5 (5)

0 < Sc < Scmax
Qlc = SRmin < SR < Srmax
YR—SR—={c <0
Sc/nc—&r =0
0 < Sc < Scmax

0< SC < SCmax
QI€ = { Skmin < Sk < Skmax

SRmin < SR < SRmax
YR=SrR—{c =0
SC/UC_gR > )/R_SR—gc

Ic _
QDZ -

JRSCCP
J5€ (ne. nr) = B(LL Y13 Q)
+B (L1, Y553 O,

5 (8) =Y ()

52 (5) = Y5 (s)

0 < Sc < Scmax

QF = { Srmin < Sk < Skmax
0 <Sc/nc—8r < Sr/mr—{c
0 < Sc < Scmax

QF = { Skmin < SR < Skmax

0 < Sp/nr = {c < Sc/nc - &r

Table 6.3 Computation of the different metrics with interference cancellation.

176 |




Application to a V2X Scenario | 6.2

Function ¢
2.0 1 : — a=1,b=4
a=2,b=4
1.5 | — a=2,b=10
|
Tt
~ |
0.5
0.0 |
0.0 0.5 1.0 15 2.0 25 3.0

Fig. 6.9 Function { of Box 6.21 for different parameters a and b.

Fréchet upper and lower bounds of the joint metrics, or the conditional metrics
directly following Section 6.1.4.3 and 6.1.4.4.

Figure 6.10 and 6.11 illustrate the impact of partial and perfect interference
cancellation on the JRSCCP. The parameters of the {-function have been set for
instance to a = 2, and b = 4. With this arbitrary choice, the residual interference {x
(resp. {c) at the communication function (resp. radar function) is increased when
the power ratio Sg/Sc (resp. Sc/Sr) is smaller than 1, to a maximum of 2Sg (resp.
2Sc). Moreover, around 85% of the interference is cancelled when Sg/Sc = 2 (resp.
Sc/Sr = 2), as illustrated in Figure 6.9.

With perfect IC, the performance drastically increases since the interfering power
I is in most of the cases lower than the radar and communication powers Sg and Sc.
Instead, with imperfect interference cancellation, at high radar (resp. communication)
SIR thresholds, it is likely that the radar (resp. communication) signal is dominant for
the metric to be non-zero. In that situation, the IC performs well at the communication
(resp. radar) function, but the interference level is potentially increased at the other
function since a > 1. Therefore, depending on the considered pair of thresholds, the
performance may either be improved or worsened by the IC scheme. Nevertheless, in
the considered scenario, for most pairs of SIR thresholds, this leads to performance
improvement. Finally, when partial or perfect IC is introduced, condition Box 6.20
does not apply. The coupling of both functions becomes limited. It therefore enables
to reach much higher radar and communication requirements.

6.2.4.2 Multi-Lane V2X Scenario

Following the system model of [Fan+20a], one may generalise the two-lane scenario
to an M-lane scenario, by adapting the PDFs of Sg and Sc, and the LT of the
interference I. The new scenario is illustrated in Figure 6.12. Let us now denote by d
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JRSCCP Js(nc,mr) with IC

1.0 1 _———-':q' ——————————— . —— [nrlas = -20dB
S [nr]as = 0dB
............................................ S~ —— [nrla = 20dB
0.8 1 e
Perfect IC
0.6 |
w
[a)
Q
(@]
0.4 A
0.2 1
\\\
0.0 1 —
—-60 -40 -20 0 20 40

Comm SIR threshold n¢ (dB)

Fig. 6.10 JRSCCP without IC, with partial IC (a = 2 and b = 4) and with perfect IC, for
fixed radar SIR thresholds ng = {-20, 0, 20}dB.

the width of one lane, and by dy, the perpendicular distance between the RSUs and
the centre of the nearest lane. In the two-lane scenario, di = d, and dc = di.. The typi-
cal vehicle is assumed to be located in the m' lane starting from the centre of the road.

First, for the communication signal transmitted by the nearest RSUs, the perpen-
dicular distance d¢ is now computed as

dc = dL + (M— m)d
The minimum distance rcyin and the PDF of Sc are then adapted by plugging the

new distance dc in (6.6) and (6.14).

Then, for the interference, the perpendicular distance di ,, starting from the centre
of the road to the n'" lane, is given by

di, = (m+n-1)d.

The minimum distance rymin» from the centre of the street to the nth interfering lane
is then obtained by plugging the new distance dy, in (6.6). The total interference at
the typical vehicle is thus given by

M
A
1=3" > i +dd) 7 |hialt

n=1i| x; €Dy
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JRSCCP Js(ne, nr) without IC

0.0
-60 —-40 -20 0 20 40
Comm SIR threshold 7c (dB)
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JRSCCP Js(nc,nr) with Imperfect IC

Radar SIR threshold 7R (dB)

IRSCCP Js(nc, nr) with Perfect IC

Radar SIR threshold 7R (dB)
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Fig. 6.11 JRSCCP without IC (a), with partial IC (b, a = 2 and b = 4), and with perfect

IC (c).
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Multi-Lane Automotive Scenario

'R

m =2

m =1

Fig. 6.12 Multi-lane V2X scenario.

where ®;,, are independent PPPs modelling the interfering nodes on each lane, and
|hin|* are the independent small-scale fading associated with each interfering link.
Based on that, the LT of the total interference is computed following the development
of (6.11):

M o0
Li(s) = exp (—)q Z/ [1 = Lin,, 2 (S/JI(rZ + dl,n)‘?)] dr) .
n=1

TImin,n

This result is obtained owing to the independence between the different interfering
PPPs and small-scale fading RVs.

Additional improvements of the model could include numerous other sources of
interference, as considered in [Fan+20b; KHF21], and the blockage induced by the
vehicles, which is analysed in [CB22].

6.2.5 Generalisation to other Point Processes

In order to generalise the framework to integrate other PPs, the PDFs of S, Sc and
the LT of I should be adapted to the considered PP. Owing to the high mathematical
complexity potentially introduced by other PPs, these functions can be approximated
if needed. For instance, [Mar+16] approximates the LT of the interference using a
sigmoidal approximation, or following a transformed distribution approach. Another
interesting proposal is presented in [DWX18] to approximate any PP as two inhomo-
geneous PPPs through inhomogeneous double thinning. In that case, an equivalent
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network model is introduced based on two independent inhomogeneous PPPs to
approximate the original PP and obtain tractable results. The introduction of inhomo-
geneous PPPs in the proposed system model in Section 6.2.1 is then straightforward.

6.2.6 Generalisation to Other Scenarios

The different metrics presented in Section 6.1 can be applied to any JCAS scenario.
Moreover, the developments of Section 6.2.2 are straightforwardly translated to any
full-duplex scenario, as the ones detailed in Section 1.1.2 of Chapter 1, i.e. scenarios in
which an ISAC system simultaneously receives a radar and an uplink communication
signal while suffering from interference.

6.3 Comparison with Ray-Tracing Simulations

In order to assess the relevancy of the proposed system model, RT simulations
have been carried out. The RT framework is assumed to be the closest framework
to the ground truth. Therefore, both the comparison of the received powers, and
the evaluation of sensing and communication metrics, are interesting to assess the
relevancy of the SG system model and the developed expressions.

First, the differences between the system model of the two frameworks are high-
lighted in Section 6.3.1. Then, to reduce the discrepancies between the two system
models, extensions of the SG system model are proposed In Section 6.3.2. Next, a
parameters fitting is performed in Section 6.3.3 with the generated RT dataset to
extract the parameters of the system model for the SG framework. Finally, the power
statistics and the sensing and communication performance metrics computed in the
different frameworks are compared in Sections 6.3.4 and 6.3.5.

6.3.1 Generation of the Environment

Following the system model proposed in Section 6.2.1, the environment, illustrated in
Figure 6.13, has been generated in the RT simulations. The main differences in the
environment are the following:

m Buildings are modelled along the streets as rectangular blocks. Perpendicular
streets are generated at coordinates following a PPP. This generates additional
multipath in the RT simulations. Thus, for the radar link, these should be
filtered out to isolate the useful radar echo, arising from the next vehicle ahead,
w.r.t. the other radar echoes from the environment.

= Vehicles are modelled as rectangular blocks. Stacking vehicles are removed
from the street. Thus, the position of the vehicles is better modelled by HCPPs
instead of PPPs. Still, as discussed in Section 5.1.1.4, HCPPs are often intractable,
and the PPP is a good approximation if the nodes density is adapted accordingly.
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Fig. 6.13 Illustration of the RT scenario. Vehicles are represented in black, and
buildings in red. The RSU is represented by a traffic light. Blue, red and green rays
respectively correspond to communication, radar, and interference links.

= Vehicles are positioned in both lanes on the street following two PPPs with the
same density. The interfering vehicles are selected by performing a thinning
with a given probability of interference. Therefore, the vehicles in the opposite
lane are not all interfering, but they may still act as obstacles.

= The transmitting and receiving antennas are located at non-zero heights. For
the ISAC systems of the vehicles, they are both located at the front of the
vehicles, but slightly separated from each other.

Three examples of simulated scenarios are shown in Figure 6.14. The parameters of
the RT simulations are summarised in Table 6.4.

6.3.2 Monte-Carlo System Model

To further improve the SG system model of Section 6.2.1, two additional features are
added:

= LoS and NLoS propagations are considered. Owing to the presence of the
numerous vehicles on both lanes, and buildings acting like obstacles, both LoS
and NLoS propagations occur for the communication and interfering links.
Therefore, for these links, the propagation parameters {a,;} and {f,;} with
v € {CI} and | € {L,N} are instead defined for LoS or NLoS links. The
probability for the considered link to be in LoS is denoted as py,,(r), with r the
distance between the two nodes. To determine which nodes are in LoS or NLoS,
independent thinnings are performed on the PPPs of the RSUs and interfering
vehicles, with probability py (7). The LoS probability model considered in this
chapter is the 3GPP d; /d; model [3GP15]:

dio
pLv(r) = min (L 1) [1 — exp (— i )
r dz,y

+ exp (_dr ) (6.10)
2,0
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Examples of Ray-Tracing Simulated Scenarios
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Fig. 6.14 Three examples of simulated RT scenarios. Vehicles are represented in
black, buildings in red, and antennas in green.
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‘ Parameters ‘ Values ‘
3D position of the radar TX antenna (6.1,16,0.5) m
3D position of the radar RX antenna (6.1,16.2,0.5) m
3D position of the RSUs TX antenna (6.1+rc,18,2.5) m
3D position of the interfering TX antennas | (6.1+r;,13,0.5) m
Streets length 2 km
Streets width 9m
Perpendicular streets density 10 km™!
RSUs density Ac 10 km™!
Vehicles density A 20 km™!
Interfering vehicles density A 2km™!
Carrier frequency f: 26 GHz
Transmitted powers Py and P, 20 dBm
Beamforming gains Gg, G¢ and Gy 1

Table 6.4 Parameters of the RT simulations. The distances 6.1 + rc and 6.1 + r| are
computed from the PPPs of the RSUs and interfering vehicles.

with {d; ,} and {d,,} four fitting parameters.

m Small-scale fading is considered for every link. Even if it is supposed that the
small-scale fading is highly Ricean, the introduction of such RV helps improve
the accuracy of the models fitting. It is therefore assumed that Ricean small-
scale fading affects both the radar and communication links, in addition to the
interfering links, with K-factors to determine from the RT simulations.

Since these features affects the mathematical tractability of the models, we name the
enhanced framework the Monte-Carlo system model, in opposition to the SG system
model, which designates the one detailed in Section 6.2.1.

6.3.3 Generated Data and Parameters Fitting

From the dataset generated with the RT simulations, the parameters of the system
model for the SG and MC framework are extracted. To perform this estimation, the
different nodes densities are first estimated by averaging the number of nodes over
the different network realisations. Instead of obtaining the densities of Table 6.4, the
densities extracted from the dataset are equal to 18.6 km™! for the vehicles, and 1.79
km™! for the interfering nodes. As expected, owing to the removal of overlapping
vehicles, the vehicles density is reduced, leading to lower Ag and A;.

Then, for the path-loss parameters, Least Square Estimation (LSE) in the log-log
domain is applied. More specifically, denoting by {SS,T} with v € {R, C, I} the received

n
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Mixed | LoS | NLoS
a 1.74 — —
Radar R

[BrldB 3.72 — —

ac 2.20 1.53 2.32
Comm.

[Bclas 0.42 337 | 0.40

ar 4.64 1.12 4.35
Interference
[fi]an 0 14.41 0

Table 6.5 Propagation parameters obtained through LSE fitting of the ray tracing data,
for the radar, communication and interfering links. Either LoS and NLoS links are
separated, or they are mixed. The parameters of the radar links have been computed
considering only the power of the radar echo of the next vehicle ahead, whereas the
environment echoes are filtered out of the dataset.

powers for each link, associated with the distances {r,,}, the LSE problem is written
for the considered linear path-loss model as

N-1
~ 2
Gy, By = arg ;nlﬁl’l ([Sg,ﬁ]dB - [ﬁu]dB — 0y [rn]dB) >

n=

where N denotes the number of simulated RT scenarios. This problem is solved by
computing

-1 N-1 [RT
e N ] N n=0 [Sg,n]dB ]
-1 -1 -1 :
n=0 [r"]iB n=0 [rn]dB n=0 [SEE] dB [rn] dB

Qy }_[ l,:]:_ol[rn]dB N
[Bolas] [

Note that, for the interference, the power ng stands for the power of the interference
coming from one single vehicle. The total interference I is obtained by summing
the power from each interfering vehicle within a simulated scenario. Furthermore,
LSE can be applied after separating the LoS and NLoS links, or mixing all the links
together. The estimated parameters are summarised in Table 6.5. Low path-loss
exponents are estimated for the radar and communication links, owing to the
canyon-like structure of the street, even with the presence of perpendicular streets.
Contrariwise, the path-loss exponent of the interfering link is very high, owing to the
strong blockage and high NLoS probability induced by the vehicles driving on both
lanes, as later illustrated in Figure 6.18.

Figure 6.15 to 6.17 illustrates the received powers for the radar, communication,
and interfering links, when LoS and NLoS links are separated or not. In order to
compute the received powers, all the paths comprising up to two interactions with
the environment are considered. Diffraction on the edges of the buildings and
vehicles is only considered at the last interaction. For the radar link, two cases are

| 185



6 | Joint Performance Metrics for Integrated Sensing and
Communication Networks

Radar Echo Power (dB)
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Fig. 6.15 Received radar echo power with RT simulations, and fitting, with and
without the clutter filtered out.

illustrated: either the echoes from the environment are kept, or they are filtered out.
The echoes from the environment comprise all the rays which does not interact
with the next vehicle ahead. This encompasses diffraction on building edges, or
reflection and diffraction on other vehicles. Since these rays do not interact with
the next vehicle ahead, this corresponds to all the high power data points in Figure
6.15a which do not decrease with the distance rg. Cancelling these echoes leads to
Figure 6.15b, which illustrates the power of the radar echo of the next vehicle ahead.
Oscillations of the power with the distance rg are explained by diffractions on the
edges of the vehicle, with or without reflections on the buildings, which generates
the observed interference pattern. Such interference patterns are also observed in
Figures 6.16 and 6.17 generated by the same cause.

Regarding the LoS probability models, the distances {d; ,} with v € {C,I} are set
equal to the minimum distances ryyin of the communication and interfering links.
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Communication Signal Power (dB)
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Fig. 6.16 Received communication signal power with RT simulations, and fitting
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Fig. 6.17 Received interfering signals power with RT simulations, and fitting.
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Line-of-Sight Probabilities
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Fig. 6.18 LoS probabilities for the communication and interfering links.

The distances {d;,} are instead computed by solving another LSE problem:

N-1

) : RT
do, = arg min Z (me = pLo(ron; dio, dz,v))
20 =0

2
>

where {pi{n} are the LoS probabilities of each link, estimated from the RT data, and
associated with the distances {r,,}, and py, is the LoS probability model of (6.10).
The fitting illustrated in Figure 6.18 leads to dAz,C = 110.44 m for the communication
link, and cZz,I = 43.95 m for the interfering links. Indeed, the estimated distance is
shorter for the interfering links, since the interfering signals encounters vehicles
driving in both lanes, while the communication link is only blocked by vehicles
driving on the same lane as the vehicle of interest.

Finally, for the small-scale fadings K-factors, they are estimated by computing the
ratio between the powers from the RT data and the estimated path-loss models at the
same distance. This enables to isolate the fading component of the link. Performing
this operation has shown that the small-scale fading of the three links can be modelled
with Rayleigh fading, i.e. K = 0.

6.3.4 Comparison of the Powers Distributions

Figure 6.19 compares the PDF of the radar, communication and interfering powers,
obtained with the RT simulations, the SG system model of Section 6.2.1, and the MC
system model of Section 6.3.2. First, the same order of magnitudes are observed for
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Fig. 6.19 PDFs of the radar, communication and interfering powers, with the RT, SG and MC system models.
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the three powers with the three models. Regarding the radar power, the shape of the
PDF is consistent in the three cases, except for the multiple peaks observed in the RT
simulations. This is less accurate for the communication link, owing to the blockage
of the vehicles which are not taken into account in the SG model. Nonetheless, the
introduction of fading RVs and LoS probability models enable the MC model to achieve
a more accurate shape. The discontinuities related to the maximum power levels of
the SG models vanish with the introduction of the fading RVs. Unfortunately, neither
the SG nor MC model succeeds to reproduce the shape of the interfering power. With
the MC model, the introduction of the LoS probability enables to model accurately
the high power peak in the PDF, but the blockage of the vehicles narrows the low
power peak around -160 dB in the RT simulations, whereas the low power peak of the
SG and MC models are very wide. A decrease of the vehicles density could therefore
help better model the interfering power, as it would reduce the blockages.

6.3.5 Comparison of the Metrics

First, univariate metrics, namely the communication coverage, radar success and
radar detection probabilities, are compared with the three system models in Figure
6.20. For the coverage and success probabilities, a good fitting is achieved, even
with the differences in the interference modelling. The metrics obtained with the
RT and MC system models are very close to each other, whereas the SG system
model overestimates slightly the slope. However, for the detection probability, larger
differences are observed. In that case, both the SG and the MC model underestimates
the detection probability. Contrariwise to the other metrics, the MC model gives
lower detection probabilities than the two other models.

Unfortunately, contrariwise to the univariate metrics, larger discrepancies between
the three system models are observed in Figure 6.21 both for the JRDCCP and the
JRSCCEP. Still, for the JRSCCP, the performance achieved with the MC system model
seems closer to the ones achieved with the RT system model, as expected. Moreover,
whatever the considered system model, the condition of Box 6.20 is still observed.

6.4 Conclusion

The evaluation of relevant performance metrics is critical for the design of future
wireless networks, including both sensing and communication features. For that pur-
pose, the SG framework provides mathematical tools enabling to compute analytically
the average performance in given scenarios, at the price of additional assumptions in
the system model. In this chapter, popular performance metrics from the SG literature
have been presented for both functions. Yet, the performance of the radar and com-
munication functions are highly correlated. This is encompassed by the definition of
joint metrics, evaluating simultaneously the performance of both functions.
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Fig. 6.20 Coverage, success and detection probabilities.
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Fig. 6.21 JRDCCP and JRSCCP, with the RT, SG and MC system models.
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6.4.1 Summary of the Contributions

The contributions of this chapter are summarised as follows:

= Two novel joint metrics have been proposed, i.e. the JRDCCP and JRSCCP,
enabling to jointly evaluate the radar and communication performance. More-
over, conditional metrics have also been detailed, enabling to evaluate radar
or communication performance, conditioned on the requirement for the other
function. Upper and lower bounds, function of the univariate metrics, have
also been also proposed. Closed form expressions of the joint and univariate
metrics have been obtained for a full-duplex V2X JCAS scenario, where a vehicle
simultanelously detects the next vehicle ahead, while receiving a communica-
tion signal from the infrastructure, and interference from other vehicles. From
the expressions of the JRSCCP, a trade-off between both functions has been
highlighted: increasing the SIR threshold requirement for one function requires
to decreases the threshold of the other function, for the metric to be non-zero.
Nevertheless, even if a vehicular scenario has been analysed in this chapter, the
obtained expressions are easily extended for other full-duplex ISAC scenarios,
as detailed in Section 1.1.2 of Chapter 1. Through the analysis of the joint met-
rics, performance trade-offs between the radar and communication functions
have been highlighted. Optimisation on the vehicles and RSUs transmitted
powers, and RSUs densities, has also been performed.

= The proposed definitions have been extended to include interference cancel-
lation capabilities. The framework is compatible with any model of residual
interference at the radar or communication function, provided that it depends
only on the powers of the radar echo and communication signal. The introduc-
tion of interference cancellation enables to further increase the SIR threshold
requirements of both functions, without nullifying the metric. Apart from
interference cancellation, other generalisations have also been discussed, i.e.
the use of other PPs, or the extension to multi-lane scenarios.

m In order to compare the communication and sensing performance evaluated
with different system models, RT simulations have been carried out. Instead of
only evaluating the performance achieved with the SG expressions, extensions
of the system model have also been proposed as a third option, to compute more
accurately the performance through MC simulations. After performing a fitting
of the densities and propagation parameters, it has been shown that the SG and
MC system models seem relevant w.r.t. RT simulations for the evaluation of
univariate sensing and communication metrics. Nonetheless, for the proposed
joint metrics, the results obtained with the two other system models are rather
inaccurate, but the same trends are observed with the three models.
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6.4.2 Future Works

The comparison between the SG framework and the RT simulations has shown small
discrepancies for the evaluation of the average univariate performance, but larger
errors have been observed for the joint metrics. Therefore, the model mismatches
between the two frameworks must first be further investigated. For instance,
the blockage by other vehicles, the reflections on the ground or the diffraction
mechanisms are not taken into account. It is maybe possible to slightly complexify
the SG model, in order to improve the accuracy of the evaluated JCAS performance,
with an acceptable increase of complexity.

Then, the residual function for the interference cancellation model has been
inferred from logical deductions, and it can be shown that it is coherent with the
results obtained for the interference cancellation schemes proposed in Chapter 9.
Nonetheless, the achieved performance are difficult to analyse, as the definition of the
residual seems sensitive to the considered waveform and scenarios. This abstraction
is difficult to model accurately, motivating further investigations of the performance
gains at each function obtained thanks to the interference cancellation, with specific
ISAC systems, outside the SG framework. Such analysis is done in Chapter 9. Besides,
deeper analyses of the residuals for different ISAC systems could be performed, to
further develop the residual functions. For instance, different functions may be
considered for sensing and communication, or it may depend on the considered
scenario.

Finally, three generalisations have been detailed in Section 6.2.4, namely the
extension to roads with multiple lanes, the introduction of other PPs, and the general-
isation to other full-duplex scenarios. Further investigations of these proposals may
be considered.

6.4.3 What Is Next?

The performance of ISAC systems has been evaluated in this chapter, in a full-duplex
V2X scenario, using the SG framework. Such application corresponds to what could
happen in the streets of future smart cities, where vehicles and the infrastructure
may gather information about the environment, and communicate. Thus, this raises
multiple questions:

1. In such scenario, multiple nodes are equipped with ISAC systems. In that
case, since the nodes of the infrastructure embedding such capabilities are
mutually connected through backhaul links, would they be able to cooperate
with each other? How would that impact the achieved communication and
sensing performance?

2. Simple interference models are considered in this chapter, within one street
under study. How to model a complete city in a larger scale within the SG
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framework? In such case, which additional interference mechanisms should be
modelled?

This is the main topic of Chapter 7, which tries to answer these two questions.
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6.A Laplace Transform of the Interference

The LT of the interference I is related to the PGFL of the PPP ®;. Following (5.1),

_a
L1(5) = By {[hy2}1en exp(—s Z pr (x7+df) 2 |hi|2)

i|x,~€<I>I

_a
= Eay(hither | | | exp(—sm (xf +df) 7 |hi|2)

i|x,~E<I>I

a _a
@ Eo, l_[ Ejp, 2 [exp(—spI (x}+d?) 7 |h,~|2)]

i|x;edp

e _a

(i) exp (—/11/ [1 —.£|hl.|z (SpI (7‘2+d12) : )] dr), (6.11)
TImin

where (a) is obtained using the independence of the small-scale fading RVs, and (b)

is obtained using the definition of the PGFL in Box 5.8. In this expression, the LT of

the small-scale fading |h;|? appears.

The small-scale fading is supposed to be Ricean-distributed. Let us denote by
v? the power of the dominant path, and o? the power of the scattered paths. The
small-scale fading is expressed in Cartesian coordinates as |h;|* = X?+Y?, where X; ~
N (vcos0,0?) and Y; ~ N(vsin 0, 6?) are two independent and normally distributed
RVs, with 6 € [0, 27r[. By the properties of the normal distribution, X?/o* and Y?/c?
follow two non-centralised y? distributions with one degree of freedom [Pat49].
Therefore, using the LT of the )(2 distribution, the LT of X2 and Y? are computed as

v2cos?0s
14 20%s

v2sin?0's

1+ 202s

Lx2(s) = exp (— ) (1+ 2023)7% ,

rol

Ly:2(s) = exp (— ) (1+ 20'23)_' ,
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and the LT of |h;|? is finally obtained as

2

Lip,2(s) = Lx2(s) Lyz2(s) = exp (_1 + 20%s

) (1+20%) 7"

To express it as a function of the K-factor, when the small-scale fading power is

normalised,
2 A K 2 A 1
Ve = , 20° = ,
K+1 K+1
leading to
Ks K+1
. = - . 6.12
Linp(s) eXp( K+1+s)K+1+s (©.12)

6.B Probability Density Functions of Sg and Sc

To obtain the PDFs of Sg and Sc, the first step is to obtain the PDFs of rg and rc.

Probability density function of rg: The probability to have at least one vehicle

in the radar detectable range is given by

P%R (‘p@R([rRmin; MRmax]) > 0) =1- V<I>R([rRmin, FRmax]) = 1 — e*AR(VRmax*mmin)’

where Vg, is the void probability of the PPP, given in Box 5.6. Next, using the Bayes
rule, the CCDF of rg assuming that there is at least one vehicle in the radar detection
range is developed as

Fr(r) = Prelyog (rr > 7 | Yap ([TRmins "Rmax]) > 0)
= Prylya, (Yar (10, 7]) = 0| Yo ([rRmin, Rmax]) > 0)
~ Proye, (Vo ([0, 7]) = 0, Y, ([PRmin> TRmax]) > 0)

Py, (Yar ([rRmins "Rmax]) > 0)

three cases can be distinguished:

m When r < rpyin, the two subsets [0, 7] and [FRmin, 'Rmax| are disjoint, and by
the disjoint sets property of PPPs, one obtains

Fro(r) =Py, (Y ([0,7]) = 0) = 1.

m Whenr > rrmax, then [Rmin, "Rmax] € [0, r]. As the two events of the numerator
are incompatible, one obtains

ﬁm(”) =0
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= When rgiin < 7 < 'rRmax, the expression of I?,R is developed as

F _ PrR,l//¢R (¢<I>R([rRmin, r]) =0, lﬁrbR([r, rRmax]) > O)
rR(r) - 1-— e_/lR(rRmax_rRmin)
(@) PVRJ//¢R (‘//(PR ([rRmin, 7]) = 0) PrR,l//q>R (I//lI)R ([7, rRmax]) > 0)
- 1- e_AR(rRmax_rRmin)
e_AR(r_rRmin) (1 — e_AR(V‘Rmax_r)) e_/lR(r_rRmin) — e_/lk(mmax_mmin)

1-—- e_AR(rRmax_rRmin) 1-— e_AR(rRmax_rRmin)

>

where (a) is obtained by the disjoint sets property of PPPs.

The PDF of rg (assuming that there is a vehicle in the radar detectable range) is
finally obtained by deriving the CCDF:

AR e~ R (r—rrmin)

1 (rpmin <7 <1 .
1-— e_AR(rRmax_rRmin) ( Rmin RmaX)

&Fr,
fulr) = =g =

Probability density function of rc:  The PDF of r¢ is obtained similarly as the
PDF of rg, except that there is no maximum communication range, i.e.

Plﬁcbc (¢¢c([rCminam[) > 0) =1.
The CCDF of rc is developed as
?rc(r) = PrC (lpq)c([o’ r]) = O) .

Two cases are distinguished:
= When r < rcmin, oOne obtains F,C(r) =1
= When r > rcmin, the expression of 1_‘",C is developed as
Fro(r) = Pre (Yoe ([Rmin, 7]) = 0) = et i)
The PDF of rc is then obtained by deriving the CCDF:
dF,

drcC (r) = Ac e U m) 1 (r > reeyin) -

Jre(r) ==

Probability density functions of Sg and Sc: Now that the PDFs of rg and rc
have been computed, the PDFs of Sg and Sc can be obtained using the change of
variable formula for a univariate PDF with a monotonic and invertible transformation
[Eva+08].

For Sg, by inverting (6.7), the transformation g is defined as

Lo
gr(s) = pgts =,
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one obtains

i) = (om0

gR(s) /‘{R e_AR(gR(S)_rRmin)
B arsS 1-— e_AR(rRmax_rRmin)

1 (SRmin <s< SRmax) . (6~13)

For Sc, by inverting (6.2.1.2), the transformation gc is defined as

2 2
ge(s) =ypc-s ¢ —dg,

) = ieae(o) | 20

2 (s) + d>
= 9c(s) +de Ac e~Aelge(®)=renn) 1 (0 < s < Semax) - (6.14)
ac ge(s) s

one obtains

6.C Joint Radar Detection and Communication Cov-
erage Probability

In the considered scenario, the JRDCCP of Box 6.13 is rewritten as

Ip(ne, Yr) = Pse spr > 1, SR+Sc+1=yr|. (6.15)

Sc
Sp+1
For the communication function, the interference comprises signals from vehicles
driving in the opposite lane, and the radar echo from the next vehicle ahead. For
the radar function, a detection occurs when the total received power, comprising the
communication signal transmitted by the RSU, is higher than a predefined threshold.
It can be developed as

Io (e, yr) = Pseosur ( >nc,S+Sc+1> YR)

C
Sp+1
S
= ESC,SR [PIISCESR (SR—S-I >ne,SR+Sc+1 > }’R)]

S
= Esc.sx [Pusc,sR (YR —Sr—Sc<I< 77_2 - SR)] .
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Fig. 6.22 Illustration of the regions Qp; and Qp3.

This probability is non-zero only when the pairs (Sc, Sg) are comprised in the domains
Qp; and Qp,, defined as

(Sc, SR) eR" xRY st Sc

1>

Qp1

Qpy = (Sc, SR) e R* xR*Y sit. Sc

which can also be developed as
Qp; = {(Sc, Sr) € RY*xR* st Sc > max(ryCSR, YR — SR)} s

Opg = {(SC,SR) eR xR st IR <5<y _SR}-
nc+1

These regions are illustrated in Figure 6.22.

Applying the Gil-Pelaez theorem of Box 6.19 in Qpy, one obtains

- %/000 % Im {gzﬁl(r) e_ﬁ(jg_sk)} dr,

where ¢y is the characteristic function of the interference. Similarly, in Qp,, one

Sc 1
Pflsc,SR (I < I]_c - SR) = 5
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obtains

Sc
Prisc.se (YR -SrR—=Sc<I< U—C - SR)

Sc
Prisc.se (I < e SR) = Prse.si I < yr — Sk — Sc)

: /0'0" % Im :d’l(r) [e‘JT(YR_SR_SC) -e (”C_SR)]} dr.

T

Therefore, knowing that the characteristic function of the interference is related to its
LT as ¢1(r) = Li1(—j7), the JRDCCP metric is computed using the operators of 6.2.2.1
as

Io(ne, yr) = B(Lr ¥p1; Q1) + B(Lr ¥po; Qp2) — Cqp, [%] ,

where the functions ¥p; and yp, are defined as

Il
Y
=
|
>
z

Yp1(s) =
Up2(s)

Sc
eS(E_SR) — Srr=Sr=Sc)

1>

Note that the operator € is computed the expectation over Sg and Sc, requiring
the PDFs of (6.13) and (6.14).

6.D Joint Radar Success and Communication Cover-
age Probability

In the considered scenario, the JRSCCP of Box 6.14 is rewritten as

c Sr

, =P — 2 1c > . 6.16
Js(nc,nr) = Pse.sp Setl 20 SorT UR) (6.16)
For the communication function, the interference comprises signals from vehicles
driving in the opposite lane, and the radar echo from the next vehicle ahead. For the
radar function, the interference comprises signals from vehicles driving in the opposite

lane, and the communication signal transmitted by the RSU. It can be developed as

Sr
%(UC’ UR) = PSC,SR»I( UC S +I f')R)

Sc
= >
Fsosi [P”SC’SR(SRH —”C’s +1 )]

Sc
- ESC SR [PHSC SR (I < T]_C - SR: = — _SC)

Sc
SR +1
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. [Sc S
= ESC,SR [P”SCsSR (I < min (I]_C - SR, ’7—11: - Sc))] .

This probability is non-zero only when the pairs (Sc, Sr) fulfil the following conditions:

Sc

— =S =0 S
gc & neSp < Sc <=
R Sc>0 R
R
This can only be fulfilled if
nenr <1 e [nclas + [7r]las < 0 dB. (6.17)

Equation (6.17) highlights a trade-off between the communication and radar functions:
it is impossible to achieve simultaneously arbitrarily high radar and communication
SINR thresholds requirements, the useful power of one function being detrimental
for the other. This condition seems too restrictive to enable both functions to work
simultaneously. Nonetheless, one may instead consider the SINR of the decision
variable in the JRSCCP. In that case, the threshold of 0 dB is shifted by the processing
gains of both functions, enabling to achieve correct performance for both functions.

If (6.17) is fulfilled, one can define the domains Qg; and Qg, as

S S
Q$é{GQ&0€R+XR*sL os-ﬁ—sRs—B—&}
fic R
A + + Sk Sc
Qso 2 4(Sc,Sp) e R" X R st. 0<— -5 < ——-5¢,
R nc

which can also be rewritten as

+1
Qg = {(SC, SR) e Rt xR" st neSr < Sc < M SR} s
nr(nc +1)
+1 S
s&é%%&MRWR*u.@@LJ&S&Si}
nr(nc +1) R

These regions are illustrated in Figure 6.23.

Applying the Gil-Pelaez theorem of Box 6.19 in Qg;, one obtains

S 1 1 | _r(ScZ
Prisc.se (I < '7_2 —SR) =5 ;/0 —Im {¢1(T) e (e SR)} dr.
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Sc

N

Fig. 6.23 Illustration of the regions Qg; and Qg;.

Similarly, in Qs;, one obtains
1 [*1 _(SE

- —/ —Im{¢I(T) e’ ("R SC); dr.
T Jo T

Therefore, the JRDCCP metric is computed using the operators of 6.2.2.1 as

Sr 1
PI|SC,5R (I < U_R - Sc) = E

Js (e, nr) = B(L Ps1; Qs1) + B(Lr, Ysz; Qs2),

where the functions y5; and s, are defined as

Us1(s) = es(%_SR),

Jsa(s) = el 5]

6.E False Alarm Probability

In the considered scenario, the radar false alarm probability of Box 6.9 is rewritten as

F(R) = Pseser (Sc+1 2 yr) -

This corresponds to the total received power at the radar function when there is no
radar echo, comprising the communication signal transmitted by the RSU and the
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interfering signals. It can be developed as

F(yr) = Psc,s1 (Sc +1 2 yr)
=Escse [Prisease (Sc+12 yg)]
=1-Escs; [Priscs: (I < yr = Sc)] -

This probability is non-zero only when the pairs (Sc, Sg) are comprised in the domain
Qr defined as
Qp = {(Sc, Sr) € RY*xR" st Sc £ )/} .

Applying the Gil-Pelaez theorem of Box 6.19 in Qp, one obtains

1 “1
- —/ —Im {qﬁ;(r) e_]T(”R_SC)} dr.
T Jo T

1
Prise,si U < yr—=Sc) = 5

Therefore, the false alarm probability is computed using the operators of 6.2.2.1 as
F(yr) =1-B(Lr ¥r; ),
where the function ¢ is defined as

Yr(s) = eS(rr=5¢)

6.F Coverage Probability

The communication coverage probability can be obtained from either the JRDCCP or
JRSCCP following respectively (6.2) or (6.4). In both cases, the domains Qp; and Qs;
tends to be equal to Q¢ defined as

Qc = {(SC,SR) eR"xRY st ncSr < Sc} .

Defining the function

Ve (s) £ Ypi(s) = ¥si(s),

the communication coverage probability is computed as

C(ne) = B(Lr e Qo).

6.G Detection Probability

The radar detection probability can be obtained from the JRDCCP following (6.3). The
domain Qp; tends to be equal to Qp defined as

Op £ {(Sc,Sr) € R* XR* st Sc <yr—Sk}-
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Following the same approach as for the false alarm probability, the radar detection
probability is computed as

D(yr) =1-PB(LrYp: ),

where the function ¢ is defined as

Yp(s) £ oS(rR=Sr=5¢)

6.H Success Probability

The radar success probability can be obtained from the JRSCCP following (6.5). The
domain Qg, tends to be equal to Qg defined as

S
Qg = {(Sc,SR) eR* xR st Sc < —R} .
Ui

Defining the function
¥s(s) = Ysa(s),

the radar success probability is computed as

S(nr) = P(Lr P55 Qs).
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Communication and Sensing
Performance of Cooperative
Networks in Poisson Line

Processes

This chapter is a work carried out with the help of Charles Wiame, which I again thanks
warmly. Most of the content is inspired from [De +23]. An extended version of this paper
is in preparation [De +24b].

ADAR and communication performance have been thoroughly investigated in
Chapter 6, in which univariate and joint metrics are proposed for the analysis of
both functions. Whereas this analysis has been performed at the street level, one
may be interested in the evaluation of radar and communication performance at the
city scale. Indeed, ISAC systems are a promising technology for future smart cities,
e.g. for the safety of road users (vehicles, cyclists or pedestrians), or for autonomous
driving [Zha+22]. Nevertheless, at the city level, multiple additional aspects must
be considered. For instance, the nodes of the infrastructure, connected through
backhaul links, may cooperate with each other to improve the overall communication
and sensing performance. Furthermore, complex interference mechanisms should
be modelled, e.g. diffraction on the streets, reflections on obstacles, or building
penetrations. The configuration of the streets is also affecting the useful and
undesired power levels at the node of interest. Therefore, the SG framework seems
appealing for the modelling of the cities infrastructure and the nodes locations, also
enabling an analytical evaluation of average sensing and communication performance.

This chapter analyses the performance of JCAS cooperative networks at a city
scale, within the SG framework. First, Section 7.1 summarises existing works related
to cooperative networks and cities modelling in SG. Then, Section 7.2 details all the
models and metrics considered in this chapter. These metrics are next developed
in Section 7.3. Finally, the achieved sensing and communication performance with
cooperation are evaluated in Section 7.4. Optimisation of the network parameters is
also performed.
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’ Works \ Function \ Vehicular \ Processes \ Cooperation
[EAA20; Pap+21;
Che+22; PD23; Comm. X PPP CoMP
GSK23]
[Sun+24] Comm. X PCP CoMP
[Sun+20; JH21;
Wan+20; PW22a; Comm. v PLP X
QKA24]
[PW22b; CB23] Comm. v PLP (+ PPP) Relaying
[SDD21] Comm. v PLP CoMP
[SPK20] Radar + Comm. X PPP CoMP
[SPK22] Radar + Comm. X B-Ginibre CoMP

’ This chapter \ Radar + Comm. \ v \ PLP CoMP

Table 7.1 Non-exhaustive list of multiple papers considering PLPs and/or CoMP
systems in the literature, compared to this chapter.

7.1 Poisson Line Processes and Cooperative Net-

works in the Literature

On the one hand, as detailed in Section 5.3 of Chapter 5, PLP are especially suited
for the modelisation of complete cities. On the other hand, Cooperative Multi-Point
(CoMP) systems have also raised an increase interest in recent years, especially with
the Non-Orthogonal Multiple Access (NOMA) protocol, and for cell-free networks.
Numerous works have been published in these fields within the SG framework. Some
recent publications have been summarised in Table 7.1. Among these, [SPK20] and
[SPK22] introduce multiple cooperation rules for the radar function, which will be
considered in this chapter. They are further described in Section 7.2.4.2.

7.2 System Model

This section presents the considered streets topology, cooperation rules, propagation
models, and the cooperative sensing and communication performance metrics which
will be developed in Section 7.3.

7.2.1 Streets Topology

The street deployment is modelled by means of a PLP, as also done in many other
works presented in Section 7.1. The PLP can be generated from the following process:

S = {(y»6) € R* x [0,2x[, i € N},
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Modelling of the City

Fig. 7.1 Illustration of a PLP modelling the streets topology.

where y; are the radial distances from the origin, and 0; are the counter-clockwise
angles between the horizontal axis, and the line formed by the projection of the
origin on the street, as illustrated in Figure 5.3. Nonetheless, the performance of a
typical node is strongly impacted by its location in the city, e.g. along a street, or
in a crossroad. Thus, one may compute overall metrics with a weighted average,
depending on the probability to be located in a crossroad of Ns + 1 lanes.

For a crossroad of Ns + 1 streets, the first Ng + 1 streets are associated with radial
distances y; = 0, i = 0,..., Ns. The other radial distances are distributed following a
PPP &g of density As. The angle 0 is equal to 7/2, such that the first street is always
oriented horizontally. The other angles 6;, Vi > 0 are uniformly distributed in [0, 27|
to form a Cox PLP. As described in Section 5.3 of Chapter 5, the Manhattan PLP is
obtained as a particular case of the Cox PLP. Finally, nodes are distributed along
the streets following one-dimensional PPPs ®; of densities Ay;. These nodes may
model vehicles, RSU, pedestrians, or other devices located in the streets. Such model
is illustrated in Figure 7.1. Denoting by x € ®,; the position of a node in the i*" street,
the absolute position p of the node in the city is computed as

p- (cos 0; sinb; ) (yi). (7.1)

sinf; —cos0;) \x

7.2.2 Cooperation Rule

In this chapter, we assume that the nodes in Z5 model RSUs, which are connected
to a Central Processing Unit (CPU) through the backhaul network. These RSUs are
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Cooperative ISAC Network

Cooperative RSUs M Radar

l Communication
Soft or hard

informatiy
g Target / UE
Decision CcpPU
. X -
Data

Communicatiok g
payload g

Fig. 7.2 Illustration of the cooperative sensing and communication process. Infor-
mation is transmitted towards UEs from all the RSUs, whereas a decision is drawn at
the CPU based on the RSUs radar outputs about the presence of targets.

equipped with ISAC systems, and all RSUs located at a distance lower than p in the
streets of the crossroad are assumed to cooperate. The set of cooperative RSUs is
denoted as C = U?fo Cj, with C; 2 {x € ®y; | |x| < p} the set of cooperative RSUs in
the j* street of the crossroad. This is also shown in Figure 7.1. From a communication
perspective, they all transmit information to a typical vehicle located at the origin.
From a sensing perspective, they receive radar echoes from the vehicle, and transmit
soft or hard information to the CPU, which draws a conclusion on the presence of
the vehicle. This cooperative ISAC process is illustrated in Figure 7.2.

7.2.3 Propagation Models

We assume a linear path-loss model, for instance the alpha-beta-gamma model of Box
3.5, presented in Section 3.1.4 of Chapter 3. The crossroad of interest is located at
(0,0). Depending on the considered link and propagation mechanism, the received
power at a node located at position p; from a transmitted located at position p,,
potentially located in two different roads forming an angle ¢, with an intersection at
position y, can be written in the form:

P: Kg(PpPpXJﬁ) Ya

where y is an exponentially distributed random variable modelling the small-scale
fading of the link. The coefficient x and functions g vary depending on the considered
link, i.e. communication, radar, or interference.
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7.2.3.1 Communication links
For the communication link between a cooperative RSUs at position p; and the typical

vehicle at position p, = (0, 0), the function g is defined as

gc(py) =llpa ™, (7.2)

where ac denotes the path-loss exponent of the communication link.

7.2.3.2 Radar links

For the radar link between a cooperative RSUs at position p; = p, = p and the typical
vehicle at position (0, 0), the function g is defined as

gr(p) 2|12p] ™%, (7.3)

where ar denotes the path-loss exponent of the radar link. A GO model is considered,
as presented in Section 3.1.3 of Chapter 3, owing to the high frequencies and small
distances considered in future ISAC networks.

7.2.3.3 Interfering links

Multiple interference sources may be modelled in the considered scenario. In this
chapter, four different types of interference are considered. The path-loss of the
interfering links is denoted as a.

Interference of type I: The interference of type I comprises all the direct interfer-
ing links between nodes located in the same street. As for the communication link,

the function g is defined as

911(P1> P2) =lpy — poll™ (7.4)

Interference of type II: The interference of type II comprises all the unwanted
reflection on scatterers located in a crossroad, reflected towards a RSU. The function

g is defined as

1+ cosy

Vr
5 ) (Ilp; = xll+llp, = x1) ™, (7.5)

gin(pPy Py X Y) = (

following the reflection model proposed in [Man12]. The parameter v, defines the
angular beamwidth of the reflective contribution.

Interference of type III: The interference of type III comprises all the unwanted
diffraction on the corners of the crossroad, towards a RSU. The function g is defined
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Interference Modelling

Type IV
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Fig. 7.3 Illustration of the four types of interference.

as

-

207\ "
lp; — xll+llpy — x|l + ks — lp, — xllllp, — xIl| , (7.6)

1>

gum(Pys Py X ¥)

following the Berg diffraction model proposed in [Ber95]. The parameter kj, is defined
as kp = \/qpf:/c, and g; and v, are two empirical parameters.

Interference of type IV: The interference of type IV comprises all the indirect
interference through penetration in the buildings. The function g is defined as

gl,IV(PpPz) £ 10_%(1+2ASHP1_P2H) ”pl — p2||_0115 (77)

following the model proposed in [Dem23]. The parameter § is the average penetration
loss from the external walls of the buildings, and 24s||p; — p,|| is the average number
of walls crossed.

These four types of interference are illustrated in Figure 7.3. Note that the models
proposed for the interference of type I and IIl have been compared to ray-tracing
simulations in [Wia+23], showing similar results when the propagation parameters
of these models, i.e. the coefficient k1 and the path-loss exponent ¢, are fitted to the
ray-tracing simulations.

Whatever the type of link, based on the angles 0;, 8; and radial distances y;, y; of
the two crossing streets, the positions p, and p, can first be computed as function
of the one-dimensional positions z; € ®,; and z; € ®,; within the streets using (7.1).
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Next, the position of the crossroad y can be computed from (7.1) by solving w.r.t. y;
and y; the following system of equations:

{yj cosB; + yjsind; =y;cosb; + y;sin b,

y;jsinf; — yjcosf; =y;sinf; — y;cosb;.
Then, using again (7.1):
cos; sinf; \ (y; cosO sinf; \ (uy
x= (sin 6; —cos Qj) ()(j) - (sin 0; —cos 01) ()(1) '
Finally, The angle ¢ can be computed from the positions of the RSUs and the crossroad:

(p; - X)T(Pz -X)
p;, = xllllp, — xIlI”

¥ = arccos

Thus, the received power can be rewritten as

P=xg(xj,x,0;,0,y5,y1) v,

which explicitly involves the positions of the nodes within the streets, and streets
topology. This formulation is therefore more suited for the following developments.

7.2.4 Cooperative Performance Metrics

As described in Section 7.2.2, multiple RSUs cooperate with each other to improve
both radar and communication performance. Therefore, one may extend the radar
and communication metrics detailed in Section 6.1 to cooperative networks.

7.2.4.1 Cooperative Communication

For the communication function, a Non-Coherent Joint Transmission (NC-JT) cooper-
ation scheme is considered. Such scheme is for instance considered in [Tan+14]. In
other words, the same information is transmitted from all the cooperative RSUs in a
non-coherent manner.

Cooperative Coverage Probability: With the NC-JT scheme, one may extend the
definition of Box 6.1, presented in Section 6.1.1.1 of Chapter 6, by taking into account

the total useful communication power in the communication SINR. This leads to the
following expression for the cooperative communication coverage probability of the
typical vehicle located in the crossroad:

> Tice, Scii
=0 ety Tt >ncl, (7.8)

Pc(nc) = P( ot e
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Fig. 7.4 Interference sources for the communication function.

where Sc;; is the received power from the ith cooperative RSU in the jth street, Ic
is the interference power at the typical vehicle, and W is the constant noise power.
Following (7.2), the useful communication power is expressed as

Scji = ke |xjil 7% yejis

with x;; the position of the i® cooperative RSU in the j street. The total communi-
cation interference power aggregates two interference sources, denoted as I¢; and
Ic2, and illustrated in Figure 7.4:

1. The interference of type I from the RSUs in the streets belonging to the crossroad,
which are not cooperating. Following (7.4), the first interference source is

expressed as
Ns

— ]
Iei = Z Z k1 1Zjkl ™™ yei jk-
Jj=0 k|ij€(I)vj\Cj

2. The interference of type III and IV from the RSUs in the streets not belonging
to the crossroad. Following (7.6) and (7.7), the second interference source is
expressed as

s

) Ns
Ico = Z Z Z k1 gum (0, zik, 07, 01,0, y1) yeam, jik

I=Ns+1 k|zj€®y; L j=0

+ k1 grrv (0, zik, 0, 01,0, y1) yearviik |-

Diffraction may arise from any street belonging to the crossroad of interest.
Since the vehicle of interest is located at (0, 0), multiple parameters of the
function g are not required, and are thus set to zero.
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7.2.4.2 Cooperative Sensing

For the radar function, we assume that each cooperative RSU draws a binary decision
on the presence of the vehicle in the crossroad. Then, the CPU gathers all the decisions,
and determine if there is a target or not depending on the selected decision rule.

Success Probability of one RSU: The success probability of Box 6.10, presented in

Section 6.1.2.3 of Chapter 6, is used to evaluate the probability that the i cooperative
RSU of the j™ street belonging to the crossroad successfully detects the vehicle:

Srji

Psji(np) & P | ——
S,jt(’]R) (IRji+WRji

> ’YR) ,
where Sgj; is the power of the received radar echo, Ij; is the interference power at
the RSU, and Wyj; is the constant noise power. Following (7.3), the useful radar power
is expressed as

Srji = kR [2x5:| " yrji»
with x;; the position of the it" cooperative RSU in the j™ street. The total radar
interference power aggregates five interference sources, denoted as Ipy j; to Igs ji, and
illustrated in Figure 7.5:

1. The interference of type I and II from the RSUs in the j street, which are not
cooperating. Following (7.4) and (7.5), the first interference source is expressed
as

— — Q]
Iryji = Z [KI lxji = zjrl ™™ yraLjik
klzjkElI)vj\Cj

+xr (il + 1zjkl) ™ yramjie 1 (xjizjk > 0) ]
The interference of type II is assumed to only occur when the cooperative and

interfering RSUs are both on the same side of the crossroad.

2. The interference of type I and II from the RSUs in the j* street, which are coop-
erating. Following (7.4) and (7.5), the second interference source is expressed
as

Irzji = Z [KI i — xjx| ™™ yravjik
klxjreCi\{x;i}
+xr (il + 1k ]) ™ yramjir 1 (xjixjk > 0) ]

The interference of type Il is again assumed to only occur when the cooperative
and interfering RSUs are both on the same side of the crossroad.

3. The interference of type II, III and IV from the RSUs in the other streets of
the crossroad, which are cooperating. Following (7.5), (7.6) and (7.7), the third
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interference source is expressed as

Ns

Ipsji = Z Z [KI g (Xji, zik, 0, 61, 0,0) YR jitk
1=0 k|zixe®y\C
I#]

+ k1 gum (Xji Zik, 0, 61, 0,0) yramjitk

+ k1 guv ()i 21k, 05, 01,0, 0) }’RSIV,jlk]~

Since both the j™ and I streets belong to the crossroad, y i =y; =0, and the
position of the crossroad y is (0,0).

4. The interference of type II, IIl and IV from RSUs in the other streets of the
crossroad, which are cooperating. Following (7.5), (7.6) and (7.7), the fourth
interference source is expressed as

Ns

Iraji = Z Z [KI gur (Xji, X1k, 07, 01,0,0) yram, jitk
1=0 k|x;eC
I#]

+ k1 gum (Xji, X1k, 07, 01,0, 0) yramm jitk

+ k1 guv ()i, Xk, 0, 61, 0,0) YR4IV,jlk] .

Since both the j* and I' streets again belong to the crossroad, y; = y; = 0, and
the position of the crossroad y is (0,0).

5. The interference of type IL III, and IV from RSUs in the I street which does not
belong to the crossroad. Following (7.5), (7.6) and (7.7), the fifth interference
source is expressed as

Ips ji = Z Z [KI gunt (xji, ik, 0, 61,0, Y1) yrsjik

I=Ns+1 k|zjx €®yy

+ k1 gum (Xjis Ziks 0, 01, 0, Y1) YR jik

+ k1 guv ()i 21k 05, 01, 0, yi) YRSIV,jlk]-

Since the j street belongs to the crossroad, y; = 0.

Detection probability of one RSU: Instead of the success probability, one may
consider the detection probability of Box 6.9, presented in Section 6.1.2.2 of Chapter
6. In that case, the detection probability that the i cooperative RSU of the j street
belonging to the crossroad successfully detects the vehicle is expressed as

Pp,ji((R) = P (Srji + Irji + Wrji = (r),

214 |



System Model | 7.2

Radar Interference
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Fig. 7.5 Interference sources for the radar function. For the second interference
source, there is no interference of type II in the illustrated scenario, as the interfering
RSU is located on the other side of the crossroad.
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where (R is the detection threshold. The useful radar echo and the interference power
are identical to the ones presented for the success probability.

Decision rule: Multiple decision rule are analysed in this chapter:

= The K rule: A vehicle is present if at least K RSUs among the cooperative RSUs
have detected the target.

m The OR rule: A vehicle is present if at least one RSU among the cooperative
RSUs have detected the target. This corresponds to the K rule with K = 1.

m The x%-MA]J rule: A vehicle is present if at least x% of the cooperative RSUs
have detected the target. If the percentage is omitted, the 50%-MA]J rule is
considered. If the number ny of cooperative RSUs is known, the x%-MA]J rule
is equivalent to the K rule with K = [x nt].

m The AND rule: A vehicle is present if all the cooperative RSUs have detected
the target. If the number nt of cooperative RSUs is known, this corresponds to
the K rule with K = nr.

As every rule can be derived as a particular case of the K rule when the total number
of cooperative RSUs is known, we focus on the K rule in the following. The metrics
can then be averaged with the probability density function of nt.

7.3 Development of the Cooperative Metrics

The cooperative sensing and communication metrics are developed in Appendices 7.A
and 7.B, with the system model proposed in Section 7.2. These results are summarised
in Section 7.3.1 and 7.3.2, assuming that the positions x of the cooperative RSUs, and
the angles 6 of the streets belonging to the crossroad, are known beforehand.

7.3.1 Cooperative Communication

For the communication function, the cooperative coverage probability is computed
in Box 7.1 using the Gil-Pelaez theorem of Box 6.19, where the random variable U is

defined as
Ns
U= Z Z Scji — nele.

j=0 ieC;

The computation of the LT of U is detailed in Section 7.A. It requires the computation
of the LTs of Ic; and Ics.

The average over the positions x may be lifted easily, as the average of the LT of
U over x is straightforward. However, an average over the angles 0 is still required
to consider random crossroad geometries. Thus, this is only analysed through MC
simulations.
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7.1: Cooperative Coverage Probability

1 1 %1
Pc(ne:x,0) = -+ — / ~Im{Lyxe(-j7) e} dr
2 )y 7

Communication | Integrations Sensing | Integrations

R 1

Ly, 1 13

(m) 3 (m)

hy ", hy 0
h{™ 3

Lr. 3 >
: B by 0

Table 7.2 Number of numerical integrations in the quantities required for the com-
putation of the cooperative coverage, success and detection probabilities.

7.3.2 Cooperative Sensing

For the radar function, the number of cooperative RSUs is known, as their locations
are assumed to be known. Under that assumption, every decision rule can be
expressed as a variation of the K rule, and both the cooperative success and detection
probabilities are computed following Box 7.2. The coefficients ™ and the functions
h are detailed in Section 7.B.

7.2: Cooperative Success and Detection Probabilities

2nT
P (% 0) = )" at™ b (nisx, 6) B™ (%) B™ (:x.6)
m=1
B (%, 0) b (ngi %)
&
P (Gix ) = > a™ B (~1:x,0) h{™ (~1:%) ™ (~1;x, 0)
m=1
g (m) o (m) (4. .
hy™ (-1;x,0) h, (=1;x) hy (1;x)

Both averages over the positions x and angles 0 are required to consider random
RSUs positions and crossroad geometries. Additionally, averaging over the number of
cooperative RSUs is also required. Thus, this is only analysed through MC simulations.
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7.3.3 Complexity Analysis

On the one hand, the evaluation of the cooperative coverage probability requires
the computation of the LT of the interference Ic; and Ic,. On the other hand, the
evaluation of the cooperative success probability requires the computation of the
functions h. Table 7.2 details the number of numerical integrations required for each
quantity, enabling to compute the cooperative communication and sensing metrics.
One can observe that most integrations involve the LT of the interference Ic2, and the
function hém , which is a function of the interference Izs. Therefore, the interference
arising from the roads outside the crossroads is the most difficult to evaluate. Still,
it will be shown in Section 7.4 that this source of interference may be negligible
compared to the interference arising from the streets belonging to the crossroad.

7.3.4 Other Sensing and Performance Metrics

Numerous other popular communication and sensing metrics were presented in
Section 6.1 of Chapter 6. Similarly to the cooperative coverage, detection and success
probabilities, they may be generalised to cooperative scenarios. For instance, the
radar false alarm probability is often evaluated in pair with the detection probability.
Additionally, two novel joint metrics have been defined, i.e. the JRDCCP and JRSCCP.
Unfortunately, these other metrics are mathematically intractable within the SG
framework. Still, they may be evaluated using Monte-Carlo simulations.

7.4 Numerical Analysis

In this section, the impact of the different interference sources is first analysed. A
focus is made on the model of the city with Cox processes in Section 7.4.1, compared
to usual PPPs. The equivalent density for the HPPP is computed as

Ng+1

AS,PPP = As,

such that the same average number of cooperative nodes is achieved with the two
models. Then, the cooperative communication and sensing metrics are evaluated,
and the impact of the nodes distribution is again highlighted. Finally, the JRSCCP
is used in Section 7.4.2, in order to perform optimisation of the RSUs density and
the radius of association. The parameters of the scenario are summarised in Table
7.3. Random city topologies are considered. Thus, the presented results are obtained
through Monte-Carlo simulations.

7.4.1 Cox Processes versus Poisson Point Processes

Figure 7.6 illustrates the CDFs obtained with Cox processes and PPPs, for the
communication and sensing functions. First, one can notice that the interference
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Parameters Values ‘
Roads density As =0.034 m™!
RSUs density Ay =01m™!
Cooperative distance p=20m
Transmitted power Py =29 dBm
Beamforming gains Gy = G, = 18 dBi
Carrier frequency f. =24 GHz

Path-loss parameters

ap=ac=1a=2.38
[Brlas = [Bclas = 55 dB,
[filas = 46.7 dB

Reflection parameters v, =4
Diffraction parameters | k; =1.58 m™%, v, = 1.5
Wall losses 6=20dB

Table 7.3 Parameters of the scenario for Section 7.4.

CDFs - Communication
1.0 1 Cox 1 ———
— Sc
081 —— I
— I
0.6 1
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Fig. 7.6 Communication (top) and sensing (bottom) powers CDFs, with Cox processes
and PPPs. The quantity Ig coop denotes the interference arising from the other cooper-
ative nodes with PPPs.
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Coverage Probability
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Fig. 7.7 Coverage probability, using Cox processes (solid lines) or PPPs (dotted lines),
with and without cooperation.

arising from the streets which do not belong to the crossroad, namely I, and Igs, is
negligible for both functions in most scenarios, except in the few cases where the
interfering street is crossing the streets of the crossroad close to the centre. Therefore,
as specified in Table 7.2, since both quantities require three integrations, they may
be neglected to hugely lower the mathematical complexity of the provided expressions.

Then, focusing first on the communication function, compared to the results
obtained with Cox processes, the useful signal is underestimated with PPPs, whereas
the interference level is overestimated. Thus, PPPs should provide lower bounds for
the cooperative coverage probability obtained with Cox processes. This is indeed
observed in Figure 7.7, illustrating the coverage probability obtained using the two
models, with and without cooperation. Moreover, it also shows that the cooperation
scheme enables to improve the coverage probability. Contrariwise, for the radar
function, comparing the two models, the useful signals CDFs are similar, but the
PPPs overestimates the interference power, except for the interference I, between
the cooperative nodes of the same street, which dominates all the other interference
sources. This leads to different tendencies in the top plot of Figure 7.8, showing the
success probability obtained using the two models, with and without cooperation.
Rules with low majority percentages give lower performance with PPPs, whereas
the opposite is observed for rules with high majority percentages. This is not the
case anymore when the cooperative nodes use orthogonal resources to perform
the detection, as illustrated in the bottom plot of Figure 7.8. In that case, the inter-
ference Iy, is zero, and the PPPs provide lower bounds for the radar success probability.

With regard to the achieved sensing performance, as expected, the OR rule max-
imises the cooperative success probability. This is not the case for the cooperative
detection probability, evaluated for different cooperative false alarm probabilities in
Figure 7.9. Surprisingly, the AND rule enables to maximise the former, whatever the
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Success Probability

1.0 1 — OR
— 25%
0.8 1 —— 50%
— 75%
B 0.6 1 —— AND
8 No coop.
0.4 1
0.2 1
0.0 1
-30 -25 -20 -15 -10 -5 0 5 10
Radar threshold ng (dB)
Success Probability (kz = ks =0)
1.0 . S — OR
[, . Y —— 25%
0.8 1 - — 50%
— 75%
E 0.6 1 T ﬁND
8 o coop.
© 0.4
0.2 A
0.0+ [freenimm

-3 -25 -20 -15 -10 -5 0 5 10
Radar threshold ng (dB)

Fig. 7.8 Success probabilities, using Cox processes (solid lines) or PPPs (dotted lines),
with and without cooperation. The bottom plot illustrates the case where the inter-
ference arising from other cooperative nodes is neglected, thus corresponding to a
scenario with orthogonal resources.
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Detection Probability
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Fig.7.9 ROC using Cox processes (solid lines) or PPPs (dotted lines), with and without
cooperation. The bottom plot illustrates the case where the interference arising from
other cooperative nodes is neglected, thus corresponding to a scenario with orthogonal
resources.
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selected false alarm probability. Furthermore, cooperation enables to improve the
achieved performance for majorities higher or equal to 50% and 75%, respectively
when there the interference between the cooperative RSUs is neglected or not. Still,
additional simulations should be performed, as the results with the 75% MAJ and the
AND rule are unexploitable in the bottom figure.

7.4.2 Optimisation of the Network Parameters

As specified in Section 7.3.4, the evaluation of the cooperative joint metrics is not
mathematically tractable. Still, the Fréchet bounds of Box 6.15 may be computed from
the univariate metrics. Figure 7.10 illustrates the optimisation of the JRSCCP (and its
upper and lower bounds) w.r.t. the RSUs density and the radius of the cooperative
region. Even if the Fréchet bounds (especially the lower bound) are quite loose, the
maximum of the JRSCCP is close to the maximum of the upper and lower bounds.
Thus, network optimisation may be carried out based on the Fréchet bounds, which
only depend on the univariate cooperative metrics. Besides, the higher the majority
percentages, the lower the optimal RSUs density and cooperation radius. Indeed, it
is easier to obtain high majorities when the number of cooperative nodes is small.
Finally, for the OR rule and the case without cooperation, the cooperation radius can
be increased as much as required without affecting the joint metric, as the coverage
probability keeps increasing, whereas the sensing performance are only affected by
the closest nodes using these rules.

7.5 Conclusion

Cooperative sensing and communication networks are promising to enhance the
performance of both functions at the city scale. Yet, the performance analysis of such
scenario raises new challenges for the modelling of the network, and the development
of tractable analytical expressions. In this chapter, the radar and communication
performance achieved by cooperative RSUs in a PLP have been analysed within the
SG framework.

7.5.1 Summary of the Contributions
The contributions of this chapter are summarised as follows:

= Numerous interference mechanisms, specific to the evaluation of the perfor-
mance at the city scale, have been modelled. This comprises interference from
direct links, reflections on obstacles, diffractions on the edges of the streets, and
building penetrations. Based on that, the cooperative communication coverage,
radar success, and radar detection probabilities have been defined. For the radar
function, multiple decision rules have been proposed from the literature. Sadly,
the joint metrics developed in Chapter 6 are analytically intractable, but they
may be evaluated with Monte-Carlo simulations.
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Fig. 7.10 Optimisation of the cooperative JRSCCP against the RSUs density (top),
and radius of the cooperation region (bottom).
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= Analytical expressions of the cooperative metrics have been developed. Un-
fortunately, their complexity is high, such that Monte-Carlo simulations are
more efficient to evaluate the network performance. Yet, the interference aris-
ing from the streets outside the crossroad of interest introduces most of the
complexity. Thus, if this source of interference is neglected, these expressions
are quickly evaluated for scenarios in which the number of cooperative RSUs,
their locations on the crossroad, and the angles of the streets belonging to the
crossroad are known.

= Numerical analyses have been carried out for random city topologies:

1. The CDFs of the useful signals and interference obtained with PLP and PPP
to model the topology of the city have been compared for both functions.
Whereas the CDFs of the useful signals are similar, the PPP overestimates
the total interference in most cases, except when cooperative RSUs within
the same streets are interfering with each other for sensing.

2. The sensing and communication performance metrics have been evaluated,
for both PLP and PPP models. Since the interference is overestimated in
most cases with PPPs, the obtained metrics act as lower bounds of the PLP
for the communication function. This is also valid for the sensing function,
when the interference between cooperative nodes is neglected, as if the
sensing was performed with orthogonal resources. Moreover, looking
at the achieved performance, the OR rule maximises the cooperative
success probability with given SINR threshold requirements, whereas the
AND rule maximises the cooperative detection probability, with a given
cooperative false alarm probability.

3. The JRSCCP metrics has been optimised w.r.t. the RSUs density and radius
of association. Even if this metric is not tractable mathematically, the
optimal RSUs density and radius of association achieved by the Fréchet
bounds are close to the optimal values of the joint metrics. This enables
to perform optimisation with the analytical expressions. Moreover, the
higher the majority of the decision rule, the lower the optimal RSUs
density and radius of association.

7.5.2 Future Works

Owing to the high complexity of the analytical expressions, they may be evaluated
only for scenarios in which the number of cooperative RSUs, their locations
on the crossroad, and the angles of the streets belonging to the crossroad are
known. Thus, discrete optimisation could first be performed with SG, to find
the optimal locations of the RSUs around the crossroad, for a given crossroad topology.

Then, if the locations of the RSUs around the crossroad is known, one may
replicate this configuration for every crossroad in the city, and evaluate the
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inter-crossroads interference in this situation. This generalises the proposed system
model, especially in Manhattan scenarios where the crossroads topology is identical.
In that case, performing optimisation of the RSUs locations would also impact directly
the interference arising from the other crossroads.

Next, even if the Fréchet bounds are helpful to perform optimisation of the
JRSCCP, tractable approximations of the joint metrics should be further investigated,
to precise the value of the optimal network parameters. For instance, the similarities
with the product of the cooperative communication and success probabilities may be
analysed.

Finally, as it has been done in Chapter 6, ray-tracing simulations may be per-
formed to assess the relevance of the developed framework. This has been performed
in [Wia+23] for joint communication metrics, but it does not enable to assess the
behaviour of the JCAS metrics. Indeed, the analysis of Chapter 6 has shown a good
matching for the univariate metrics, but higher discrepancies have been observed for
the joint metrics.

7.5.3 What is Next?

This chapter concludes the second part of this PhD thesis. The SG framework has
been leveraged to analyse the performance of ISAC systems in networks at a street
or city scale. Whereas the performance of both sensing and communication can be
evaluated separately, joint metrics enable to grasp all the interactions between both
functions, and perform optimisation of the network parameters. Moreover, at the city
level, cooperation enables to improve the network performance for both functions.
Though, the complexity of the developed analytical expressions is high, and the SG
framework furthermore requires to perform multiple approximations in the system
model to obtain tractable results.

Therefore, in the next part, performance of ISAC systems are analysed at the street
scale, outside the SG framework. More specifically, the full-duplex V2X scenario is
further investigated, for specific FMCW and OFDM ISAC receivers. Two solutions are
detailed to mitigate the interference between the radar echoes and the uplink signals,
namely interference cancellation and beamforming.
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Appendix - Chapter 7

7.A  Cooperative Communication

The communication coverage probability of (7.8) can be developed using the Gil-Pelaez
of Box 6.19 as

N¢

ijso Ziecj SCji

——0,  — 217c
Ic + We

Pc(ne) =Piseihie (

Ns
=Piscinte Z Z Scji — nele =2 neWe

j=0 ieC;

<1
— s o [ Lot e
0 T

2

where the random variable U is defined as

Ns
U= Z Z Scji = ncle.

j=0 i€C;

Denoting by x € C the positions of the cooperative RSUs, and 6 the angles of the
streets belonging to the crossroad, the LT of U is then computed as

Ns

Lo() =By |[ [ [ | Lscsten®)| Lici(5) Bo [Licyia(s)] -

Jj=0 ieC;

This expression is obtained as the small-scale fading RVs and the PPPs {®,;} are
independent with each other. This assumes random cooperative RSUs locations, and
random crossroad geometries. One may instead consider that these parameters are
known beforehand:

Ns
Luxo () = [ [ [ ] Lscten(®) Lier () Licyo (5).

j=0 iECj
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7.A.1 Laplace Transform of the Total Communication Power

The set of cooperative nodes C; in the j™ street of the crossroad is generated by
performing a thinning of the PPP ®,;, with a probability function p defined as

1 if|x| < p,
p(x) = {

0 otherwise.

Therefore, following the thinning theorem presented in Box 5.11, C; is also a PPP,
with density
Ac;(x) = Ayj 1(|x] < p). (7.9)

Thus, using the PPPs PGFL of Box 5.8, the LT of the total communication power is
expressed as

Ns
Ex |[ [ [ ] Lyt (9)] = H Ec, || | Lscyien(s)

j=0 ieC; i€C;

Ns p
= g exp (—ZAVJA (1-Ly (skcx%)) dx)

P —ac
_ exp (_WNSH) / —dx)
0

1+skcx™2c

where the last equality is obtained assuming a constant RSUs density for all the
streets, and using the LT of the exponentially distributed small-scale fading RVs. If
the positions of the cooperative RSUs is instead assumed to be known beforehand,
the LT of the total communication power is then computed as

l_[ l_[ LSC}l\xﬂ(s) l—[ 1_[ 1+skc |le| ac

J=0 x;;€C; J=0 x;;€C;

7.A.2 Laplace Transform of I¢;

The set of interfering nodes ®,;\C; in the j™ street of the crossroad is generated
following the thinning theorem of Box 5.11 as the complementary set of C;. Therefore,
®,;\C; is also a PPP, with density

Aac, () = Ay 1(Jx] > p).
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Similarly as the LT of the total communication power, the LT of the first interference
source is obtained as

s k¢ x~ %

L., (s) = exp (—ZAV(NS +1) / dx|.
p

1+sKcx™ %

7.A.3 Laplace Transform of I¢,

Conditioned on the angles 0 of the streets belonging to the crossroad, the LT of the
second interference source is developed as

S
Liyo(s) =E 1_[ exp (—s 1 gum (0, zik, 0, 01,0, Y1) yeom jik)

I=Ns+1 kIZlqu)vl Jj=0

- exp (—s k1 guv (0, 21k, 0,01, 0, Y1) ycarv,ik) l

(@) =
gEcps,{rbv,},{@,} 1_[ 1_[ 1c2(zik, 01, y1)

I=Ns+1 k|zj €®yy

b = *
©®) Eoq (0} [ l_[ exp (—Avl/ [1—1c2(2,01,y1)] dz)l
[=Ns+1 -
c 1
© By, ﬂ / exp( . / [1- 1c2(z. 6, y1)] dz) d@l
1= N+1

(d) 1 2 oo
= exp —/15/ 1—2—/ exp —/IV‘/ [1=1c2(2,0,y)] dz| dO| dy|,
0 T Jo —c0

with the function ic, defined as

Ne
1c2(z,0,y) = 1_[ Ly (skrgum (0,2,60,60,0,4)) L, (s &1 grv (0,20,6,0,y))
j=0

Ng 1

l+SKIgIHI(OZQJ,QOy)1+SK[gnv(OZOQOy)

E

Equalities (a) to (d) are respectively obtained using the definition of the LT of the
exponentially distributed small-scale fading RVs, the PGFL of the RSUs PPPs of Box
5.8, averaging over the angles of the streets not belonging to the crossroad, and using
the PGFL of the streets PPPs again with Box 5.8. Additionally, it is assumed that the
RSUs density is the same for every street.
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7.B Cooperative Sensing

As described in Section 7.2.4.2, multiple decision rules may be considered at the CPU
to draw a decision about the presence of the vehicle in the crossroad. Nonetheless,
if the number of cooperative node is known, all the presented rules brings down to
particular cases of the K rule. It has been shown in Section 7.A.1 that the cooperative
sets {C;} follow PPPs of density given by (7.9). Therefore, the number of cooperative
RSUs in each street is a Poisson RV, and the joint probability mass function of the
number of cooperative RSUs in each street is given by

(2Ay )"0t NS —2(Ns+1)A
_ v P
fno,..,,nNS (ng, ..., nNg) = —no! ! e .
The cooperative success or detection probability may then be computed as a weighted
average of the cooperative probabilities conditioned with the number of nodes in
each street, with the K rule. The parameter K varies with the number of nodes to fit
the required decision rule.

7.B.1 Cooperative Sensing with the K Rule

Following [SPK22], assuming that the number of cooperative RSUs is known for each
street of the crossroad, the cooperative probability obtained with the K rule can be

written as
© nr (nkT) Ns nj-1 stkm) 5km
PL (1R) = By, [TTT2¢ o[- Pxtm)]’ . (7.10)

k=K m=1 j=0 i

where E_\,, denotes the expectation over every RV, except the small-scale fadings
RVs of the useful radar echoes. The binary values 51(.5(’”1) define if the cooperative

th cooperative RSU in the j™ street of the crossroad successfully performs or not a
detection, for each combination indexed by m. For example, with K = 2, nt = 3 and
Ns =1, discarding the index j, the expectation and the threshold nr for readability,
the probability is computed as

P;(K) = PxoPx1(1—Px2) + Pxo(l - Px1)Px2+ (1 - Pxo)Px1Pxz + PxoPxi1Pxz2-

The corresponding vectors [§%™]; = 5i(k’m) are written as

5@

=[1 1 o],
s =1 o 1],
sV =0 1 1],
sV =1 1 1].
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In order to further develop (7.10), one may notice from the example that this
expression can be developed as a sum of products of the probabilities of the nt
cooperative RSUs:

nr (nl;r) Ns nj—1 (km) Ns nj—1
Z 1—[ 1_[ lez (’7R) 1 - PX]I(’]R) = Z (m) 1_[ 1—[ SDX (?]R),
k=K m=1 j=0 i=0 j=0 i=0

where b™ are the 2" — 1 non-zero binary words of size nr, listing all the possible
combinations of the cooperative RSUs which detects a target. Denoting by ¢(™ £
||b(m) |1 the cardinality of these vectors, the coefficients a'™ are computed as

m K41 (cm
o alP

_1)e™-k € o (m) 5
(-1) ) _1) if ¢\ > K,

alm =

0 otherwise.

This expression is obtained by noticing that every term of the sum associated with
a word b'™ with the same cardinality ¢(™ is associated with the same coefficient

alm, computed as
clm _K

c(m)
a(m = Z (-1)P (c<m> p)

p=0
When there isn’t a sufficient number of cooperative RSUs which detect the target,
ie. ¢(™ > K, then a'™ = 0. For example, developing the result obtained for K = 2,
nt = 3 and Ns = 1, discarding the index j, the expectation and the threshold g for
readability, it gives

P;(K) = PxoPx1(1 = Px2) + Pxo(1 = Px1)Pxz + (1= Pxo)Px1Pxz + PxoPxiPxz

=PxoPx1 + PxoPxz + Px1Px2 — 3Px0Px1Px2 + PxoPx1Pxz
=PxoPx1 + PxoPxz + Px1Px2 — 2PxoPx1Pxz2.

The binary words with cardinality ¢(™ > 2 are the following:

b =[1 1 o,
[1 0
b =[0 1
[

b =01 1 1].

_

>

|
|
|
|

The words b to b'”) have a cardinality of 2, and their associated coefficients are
equal to 1. The word b7 has a cardinality of 3, and its associated coefficient is equal
to 2.
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To summarise, the cooperative sensing metrics are computed as

2nT Ng nj-1
7))((K)(’7R) = Z a'™ E_\y, 1—[ 1_[ 7’ (UR)]
m=1 j=0 i=0

The expectation is developed the same way for both the success and detection proba-

bility. For the success probability, one obtains

Ns nj—1 Ng nj—1 Sas b(:")
E-\yx 7’5’1 (’7R) ( s ’YR)
1—0[ ll_ol It ljo[ 1_0[ IR]l + WR]l

NS nj—1 pim)
=E., 1_[ p (YR" S URIRji+’7RWRji) i
TR YR Ji = T 0 —ar
j=0 i=0 KR |xji| 7%
Ns nj—1 b;;n)nRIR]l b](:n)r)RWR]l
=B || [ oo\ -2 oo S ma
j=0 i=0 KR [xji ~o® KR ||~
ﬁ 'ﬁl ™ el ji bj(';n)URWRji
=Exo [E{ni)ixo ep——_ exp|———————
b Jj=0 i=0 KR [y | 7o KR |x;ji| 7R

For the detection probability, one obtains

Ng nj—1 Ns nj—l (m>
Eo\yx 1—[ 1_[ PDj]ll (R) | =B\ 1_[ ye (Swji + Irji + Weji 2 &)
j=0 i=0 Jj=0 i=0
N nj—1 b( m)
Ile WRjz) Ji
\yr 1:(! 1:0[ YR (Y ji PRE T
-B ﬁnj_lexp bj(';n)IRﬁ exp b;:n)WRji exp| - b(m)§
T\ =0 i=0 KR |xji| 7R KR |xji| 7R KR |xji| ToR
- o LRj; 0 ex ex exp| ————
S T |xﬂ| e |x,l| z

Thus, decomposing the expectation, the cooperative success and detection proba-

bilities can both be rewritten as

2T
P () = ) @™ Bxo AT (%, 0) B™ (%) B™ (%, 0)

m=1

B (7r; %, 0) B (s ) |,
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2T
PG = ) 0™ By [h” (-15%.0) K™ (-15%) B (—1:%.0)

m=1

h§™ (~1:%,0) W (~1:%) hy (Gex) ]

The functions h are detailed in the following sections.

7.B.2 First and Third Interference Source

The first and third interference sources are both functions of the positions of the
RSUs in the streets belonging to the crossroad, which are not cooperating. Therefore,
they must be handled together. The function h;3, modelling the impact of these two
sources of interference, is developed as

nj—1 (m) (m)
hy (u:x,0) = E T ubji I ubj; Insji
u;x,0) = N o exp| ——— |exp| -————
13 > s {Iry,ji }>{Ir3,ji }|%.0 P _ p —
s 4 KR |xji| =R KR |xji| 7%
Jj=0 i=0
Ns nj—1
= E{<1>Vq}q<NS 1—[ 1_[ n lRl(xJuzlk)l_[ 1_[ 1rs (xji, zik, 0, 01)
Jj=0 i=0 kIZJkECI)Vj\C] l 0 k|zij €@y \Cr
#j
® Ns nj—1 Ns n;—1
= l_[Eq>v_,- l_[ n 1r1 (i, Z1k) 1_[ 1_[ 1r3 (X3, Zjk, 01, 0;)
Jj=0 klzjre®y;\C; i=0 =0 i=0
1#j
© Nsg nj—1 Ns n;—1
c
= HexP —lvj/ 1- 1_[ w1 (i 2) ]_[ 1_[ g3 (i, 2, 67, 05) |d
j=0 lz|zp l 0 i=0
where the functions ig; and ig3 are defined as
ub{™ ke |x — 2|7 wb{™ ey (Jx| +[2) ™
Ri(x,2) = L L 1(xz>0)
Y KR |x| " Y KR |x|~o®
1 1
- (m) _ (m) — >
ub " K |x—z|"A ub ™k (|x|+|z])™™
J Ji
1+ — = 1+ TR 1(xz>0)
(m) (m)
ubj; kigun (x, 2, 0o, 01) ubj; K1 gum (x, 2, 0o, 01)
1r3(x, 2, 0y, 01) = Y —a Y “a
KR |x| KR |x|~o®
ub'™ xy g (x, z, 00, 61)
i KLgLv (X, 2, U, Uy
Y KR |x|~o®
1 1 1
1+ %"fg{iﬂel) u bj-;") K1 gim (x,2,00,01) 1 ub](-;n) b};n) Kt guv (%,2,00,61)
< [| + xR + KR R
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Equalities (a) to (c) are respectively obtained by using the definition of the LT of
the exponentially distributed small-scale fading RVs, by rearranging the product
operators, and using the PGFL of the RSUs PPPs of Box 5.8.

7.B.3 Second Interference Source

With known cooperative RSUs positions, using the definition of the LT of the
exponentially-distributed small-scale fading RVs, the function h,, modelling the
impact of the second interference source, is developed as

Ng nj—1 ub™ .
(m), B i R2,ji
hzm (i;x) = E{IRz,ji}lx | | | | exp| - KR |xi|~ox
j=0 i=0 R 1At

Ns nj—1

= l_[ 1_[ n lRZ(xjis xjk),

|xjk€Cj\{le}

with the function i, defined as

wb{™ ke xo — 2|7\ (u b e (Jxol + [ )7
iRz (%0, %1) = L ! I 1 (x~x-k > 0)
’ Y KR |xo| =% ! KR |x0] R
B 1 1
wb'™ Ky |xg x|~ wb'™ wy (|x0]+]x1]) "0
1+ ]IKR |0~ R - KR x| TR 1 (xjixjk = 0)

7.B.4 Fourth Interference Source

With known cooperative RSUs positions and angles of the crossroad streets, using
the definition of the LT of the exponentially-distributed small-scale fading RVs, the
function h4, modelling the impact of the fourth interference source, is developed as

Ns nj—1 ub [R4 y

5] 1

PY™ (%) = By} e | | | |CXP i
J=0 i=0 KR |x |

VZ

:|z

1_[ 1ra(Xji, X1k, 6, 61),

klxieCi

L

Il
S

J

~ O

I=
1#j
with the function 14 defined as

u b](:n) K1 gI,H (x09 X1, 60) 91’ 05 0)

LR4(x05 X1, 90, 91) = Ly

KR |xo|oR
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(m) (m)

r ub; K1 gum (xo, x1, 0o, 01,0, 0) ubj; ki gy (xo, X1, 6o, 01,0,0)
T~y _ Y -
KR |xo| 2% KR |xo| %%
1 1 1
u bj(-;") K1 gui (X0,%1,60,61,0,0) u b;:n) K1 grm (X0,%1,60,61,0,0) u b;:n) K1 griv (%0,%1,00,01,0,0)
1+ o 1+ s S
KR |xo] KR |xo| KR |xo|

7.B.5 Fifth Interference Source

The fifth interference source is function of the positions of the RSUs in the streets not
belonging to the crossroad. The function A5, modelling the impact of this source of

interference, is developed as

Ns ub\™ ks i
h{™ (4%, 0) = E(g,) 10 exp| - —F——0-
> R g L KR |xji|~oR

e8]

(@)
= Bag (@g)gon. 101958 %0 1_[ 1_[ irs (zik, 0, 01, Y1)

I=Ns+1 k|zj €®yy

®) = *
= Eq>s,{eq}q>NS|x,e[ l_[ exp (—M/ [1-1rs(2 65,0, y)] dZ)l
I=Ns+1 -®
(c) © 1 21 oo
= Eogx0 1_[ Py / exp (—/L,I/ [l —1rs(z, 0,0, yl)] dz) do
[=Ns+1 0 -

0o

(d) oo 1 2
= exp (—As/ [1 - 2—/ exp (—/L,/ [1-1rs(2,0,0,9)] dz) dH] dy) .
0 T Jo —00

with the function 5 defined as

(m)
ub;" k1 grm(x0,%1,60,01,0,0)
Ny =1 | ULy ( e T k1 gum (%, 2 60, 01, 0, y)
irs (2, 00, 01, y) = 1—[ l_[ Ly ERG:
j=0 i=0 KR 1Xji
(m) (m)
ub Kigum (xji, z, 60, 01,0, ) ub Kiguy (xji z, 00, 01, 0, )
' 'EY —ar 14 —ar
KR |xji KR |xji
Ng nj—1
M1 1 1
- (m) (m)
J=0 =0 1 4 uby” K 91,11("1‘:‘_’2’90’91’019) 1+ ub;” w 9I,H1(xji’§:90’91’°ry)
KR |xji| 7R KR |xji| TR
1
142 b;;") xt guv (%56,2.00,01.0,)
KR [xji| TR
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Equalities (a) to (d) are respectively obtained using the definition of the LT of the
exponentially distributed small-scale fading RVs, the PGFL of the RSUs PPPs of Box
5.8, averaging over the angles of the streets not belonging to the crossroad, and using
the PGFL of the RSUs PPPs again with Box 5.8. Additionally, it is assumed that the
RSUs density is the same for every street.

7.B.6 Noise and Threshold Functions

As the noise power and the detection threshold are supposed to be constant, the two
functions hy and hy are directly obtained as

Ns 7 uWR;
h(m) (u;x) = l_[ 1_[ CXp( e %7 |J O(R)
Jji

j=0 i=0

Ng nj—1
hy (u;x) = ex; ( )
¢ !_0[ ]1_0[ P KR |le| R
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Part III

Interference Management in

Full-Duplex Integrated Sensing and
Communication Scenarios






Integrated Sensing and
Communication Waveforms

This chapter introduces popular ISAC systems from the literature, based on the FMCW
and OFDM waveforms.

N recent years, numerous JCAS waveforms design have been proposed in the
literature. Among the multiple candidates proposed to fulfil simultaneously
both functions, two designs stand out, namely the FMCW and OFDM ISAC
systems. The former is radar-centric, and leverages on the chirp waveform to
integrate communication capabilities in multiple manners. Contrariwise, the latter
is communication-centric, and leverages on the OFDM modulation to perform sensing.

This chapter is dedicated to the complete description of such waveforms. FMCW
systems are first analysed in Section 8.1, whereas a focus is made on OFDM systems in
Section 8.2. Finally, in this part of the thesis, a focus is made on full-duplex scenarios.
Thus, the structures of the FMCW and OFDM receivers are detailed in Section 8.3 for
full-duplex applications.

8.1 Frequency Modulated Continuous Wave

The FMCW is the a popular waveform in automotive radar applications [WHM21].
This waveform is composed of a succession of chirps, i.e. single tones signals with a
linearly increasing or decreasing frequency during time. From such systems, multiple
variations have been proposed in the literature to integrate communication capabilities.
This section first presents the chirp waveform, and how it is used for sensing. Then,
one popular variation of this waveform for ISAC, i.e. phase-coded FMCW, is detailed.
Finally, other variations of the phase-coded FMCW from the literature are introduced.

8.1.1 Chirp Waveform

A chirp of duration T, bandwidth B, and transmitted at a carrier frequency f. is
defined as a signal with a linearly increasing or decreasing instantaneous frequency,
and phase given in Box 8.1. This is also known as linear frequency modulation. The
chirp is renamed upchirp or downchirp respectively if the frequency is increasing or
decreasing. When it is not specified, one usually consider upchirps.
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8.1: Instantaneous Frequency and Phase of a Chirp

£ = fox 2t

for0<t<T

Y(t) = 27z/0 f(t'ydt =2nfit + n?tz

One may notice that the instantaneous frequency of the chirps varies from f; to
f=+B. Instead, the chirp may also be centred in frequency by defining the instantaneous
frequency and phase as

B B
fO=fe-5=73t
foro<t<T.

Y(t) =2 (ﬁ - ?) t+ ﬂ?tz

8.1.1.1 Ambiguity Function of a Chirp-Modulated Signal

Let us denote by s an arbitrary waveform in complex baseband representation, with
ambiguity function y;. By modulating this waveform with an (up)chirp, one obtains

§(t) = s(t) &7

The ambiguity function of the chirp-modulated signal is then computed as

e o) = [305° (10 e

= /s(t) s'(t—-1) T pmin R (1=1) = p2mfot gy

t

B _2 B
= e ITET /S(t) S*(t _ T) e]ZnT‘rte—]Zn'th dt
t
B B

This result is summarised in Box 8.2. This shows that the ambiguity function of a
chirp-modulated signal is a skewed version of the ambiguity function of the original
signal in the delay-Doppler plane. Therefore, this modulation introduces a coupling
between the delay and Doppler dimensions.

Applying this operation to a normalised rectangular pulse, from Box 1.4, one
obtains Box 8.3. Regarding the delay resolution, the first zero of the ambiguity

248 |



Frequency Modulated Continuous Wave | 8.1

8.2: Ambiguity Function of a Chirp-Modulated Signal

Xs(r fo) = e mF7 (T’ D~ _T)

Ambiguity Function of a Chirp-Modulated Rectangular Pulse

BT=1 BT =10
5 B
> >
g 08 ¥ 0.8
S g
(] [
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el il
g2 g2
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Fig. 8.1 Ambiguity function of a chirp-modulated rectangular pulse for different
BT-products.

function along the delay-axis is computed as

T
|X§(T,0)|=BT(1—§)=1 = T=E(1— 1——) i

Therefore, for high BT-products, the Rayleigh resolution of the range with a chirp-
modulated rectangular pulse is still equal to ¢/2B, as in Box 1.5. However, the chirp
bandwidth is not related to the pulse duration, meaning that one may increase the
resolution while keeping constant the pulse duration and energy. This technique is
named pulse compression. The ambiguity function of the chirp-modulated rectangular
pulse is illustrated in Figure 8.1 for different BT-products.

8.3: Ambiguity Function of a Chirp-Modulated Rectangular Pulse

7 si 4
e (1 = T) sinc ((fDT—BT) (1 = ?)) for —T<7<T

0 otherwise
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8.1.1.2 Stretch Processing

The stretch processing, also known as dechirping, is a special technique for matched
filtering of chirp waveforms. Let us assume that the following signal is received in
baseband (the noise is neglected here):

u(t) =¢s(t—1) = é—’eﬂf%(t—r)z’

where £ is an unknown complex coefficient, containing for instance the response of
the target, and 7 is the delay of the reflection on the target. The dechirp operation
consists by mixing the received signal by the conjugate of the transmitted waveform:

y(1) = u(t) s"(1)
- geﬂr?(t—f)zeﬂr%t—f)z
- é;e]n'%rze—ﬂngrt.
Therefore, at the output of this operation, an additional constant phase shift is
added, and the output signal oscillates at a frequency named beat frequency, equal to
fz = Br/T. This enables to estimate the delay of the target by performing a Fourier

analysis, and estimating the beat frequency. One may observe that this processing is
equivalent to the computation of an ambiguity function.

If the dechirp operation is performed in radio-frequency, one obtains

y(t) = rre(t) spe(t)

B B
= ¢ cos (anct + JTT(I - r)z) cos (Zﬂfct + n?tz)

= gcos (4nfct + 77,’? [(t -0+ tz]) + g cos (n? [(t . tz])
¢

B B
= =cos |4nfet + T [2t2+1'2+2tr] +§cos 2r=1t|.
2 T 2 T

Therefore, after filtering the high-frequency component of the signal, one obtains
again a signal oscillating at the beat frequency.

When the received signal is also affected by a Doppler shift, one obtains
y(t) — fejngrzefﬂir(?ffp)n"

As shown in the ambiguity function of a chirp-modulated signal, the delay and
Doppler frequency are coupled with each other. Therefore, one may estimate first
the Doppler frequency in another way, and then compensate its effect on the beat
frequency to estimate the Doppler. This will be further described in Section 8.1.2.
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In any case, the beat frequency is usually equal to a small fraction of the bandwidth.
Therefore, if the dechirp operation can be performed in the analogue domain, the
Analogue-to-Digital Converter (ADC) sampling rate is limited compared to other
waveforms, for which the sampling rate should at least be equal to the bandwidth.
This is a significant advantage in terms of power consumption and cost of the system.

8.1.2 Frequency Modulated Continuous Wave for Sensing

Let us now assume that the transmitter emits multiple successive centred chirps, such
that the instantaneous frequency of the complete signal is given by Box 8.4.

8.4: Instantaneous Frequency of the FMCW Waveform

P-

f0)=fox Z

=0

_—+ (t—pTPRl)] ( _PTPRI)

T

In Box 8.4, P is the number of transmitted pulses, T is the chirp duration, Tpg; > T is
the Pulse Repetition Interval (PRI), and IT is the non-centred rectangular function:

1 ifo<x<1,
I(x) =

0 otherwise.

The guard interval Ty is set such that T, = Tpg; — T > max{i}, to avoid inter-pulse
interference. Note that, by introducing the shift of —B/2, the chirp is centred around
the carrier frequency. The instantaneous phase at time ¢ € [pTpry, pTprr + T] is then
computed as

B B t=rhw [ B B
t) =2 + =t |dt’ +2 —— +—t|dt
v =2rfe a T ”/0 2T
p’=0
BT B 1B
=277,'ﬂt+27l’ —A—/B;]+27T —E(t—prm)+5T(t—prRI)2}

B
= Zﬂﬁt - JTB(l’ _PTPRI) + ”T(t —prRI)Z,

leading to the waveform given in Box 8.5.

Following the single-point targets channel model of (1.3), the received signal in
baseband (neglecting the noise) is given by

u(t) = /h(t, )s(t —7)dr

| 251



8 | Integrated Sensing and Communication Waveforms

8.5: FMCW Waveform (Complex Baseband Representation)

=t B t—pT
_ —JaB(t=pTomr) ,j7 F (1= pTort)? — PIPRI
s(t) = E e /T H( T )

=0

K-1 P-1 ‘- _ T
g o2 foKt Z e_J”B(t—Tk—pTPRI)eﬂT%(t—Tk—prR[)z I (Tk—PPM) .

k=0 p=0 T

In this equation, K is the number of single point targets, 7% is the delay, and fpy is the
Doppler frequency of the k' target. For the sake of readability, let us define the pulse
notation of a signal x as

x(p, t) =x(t _PTPRI); for 0 <t < Tpgr-

The received signal in pulse notation is written as

K-1
u(p,t) = Z ay 2 forTowp g 27 fokt o =J7B(t=ti) in 7 (t=7)° [T (t _ Tk) )
k=0 T
After dechirping, on obtains
y(p.t) =u(p.t) s"(p. 1)
t
— ot JrBt —]n%tzl—[(_)
u(p,t) e’ e T
K-1
- fp(f)n(t_k) 1)
e T -1

with
~ B2
e = ax e]ﬂBTke]ﬂT‘l'k.

From (8.1), one may observe that the Doppler frequencies of the targets can be
estimated from a Fourier analysis performed over the successive pulses (also called
slow-time), whereas the delays can be estimated from a Fourier analysis performed
within the pulses (also called fast-time). Either the Doppler frequency is supposed to
be large compared to the beat frequency, or it is compensated by skewing back the
delay-Doppler map by the right angle. The delay/range and Doppler/speed resolutions
are summarised in Box 8.6 where Tcpr = PTpg; is the coherent processing interval.

For the maximum non-ambiguous detectable Doppler frequency, assuming that
both positive and negative Doppler frequencies are estimated, one obtains

1 c

= — 0 = — .
fD max ZTPRI ‘max 4 fc TPRI
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8.6: Delay/Range and Doppler/Speed Resolutions of the FMCW Radar

1 c
%=% "= 3B
1 [4
5 = — =
W= S 2fcTepr

Regarding the maximum non-ambiguous detectable range, it depends on the configu-
ration of the radar system. After dechirping, a low pass filter is usually applied to
remove all the frequency components higher than the highest beat frequency the
radar should be able to process, i.e. BTy/T if the guard interval is set depending on
the maximal detectable range. Otherwise, it is limited by the maximum sampling rate
of the ADC. Figure 8.2 illustrates the dechirping and low-pass filtering for FMCW
radars.

8.1.3 Phase-Coded Frequency Modulated Continuous Wave for
Integrated Sensing and Communication

Multiple methods have been proposed in the literature to integrate communication
capabilities in FMCW systems. One of the simplest modifications is to transmit an
upchirp for a bit equal to 1, and a downchirp for a bit equal to 0. The cross-correlation
of an up and downchirp is equal to

1 [T 2
—/ PEAs LT
T Jo

where F is the Fresnel function of (3.6). The cross-correlation is small for high

2BT>>1 1
= —_ —_—,
2BT

(v

1
— |F
4BT

BT-products, compared to the auto-correlation of the up- and downchirp, equal to 1.
This good cross-correlation property enables to use the same waveform, unaltering
the radar function while transmitting information. This approach is adopted in
[MS20] in association with Alamouti space-time coding. However, the drawback of
this method is the achievable rate, limited by the PRI. The same applies for instance
to [Fag+23], which uses frequency shift keying to modify the starting frequency of
the chirps for communication.

In order to integrate multiple symbols, another method is to modulate the usual
communication payload with a chirp. This has been first proposed by [BEJ07], with
amplitude modulation. Then, it has been extended in phase with different designs in
[Ala+19; Uys20; Bar+21] for higher order modulations, and in [Bek+21] for MIMO
systems. Hardware implementations have also been demonstrated in [McC+19;
UO020; Kum+21]. Finally, the performance achieved with different receiver structures
are compared in [Kum+22; Kum+23]. This method is named Phase-Coded Frequency
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Dechirping and Low-Pass Filtering

0 T Ty
fet+ 2]
T
70
fc_ g/j/ d
_t
fB(t)A
9#
2T,
| ot
fBo J
IB1

Fig. 8.2 Dechirping and low-pass filtering operation. Two echoes with delays r; and
7y are illustrated, with 7; < T; < 72. Therefore, the low-pass filter remove the beat
frequency fp; of the second echo.
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Modulated Continuous Wave (PC-FMCW), and it is detailed in this section.

Let us consider a classical complex pulse modulation scheme, where symbols
I, are transmitted with a rectangular pulse shaping filter. The transmitted signal is

written as
= t—nlc
t) = I H 5
sc(t) ;;n ( T )

where T¢ is the communication symbol duration. In a PC-FMCW ISAC system, this
signal is modulated by a chirp, written as

sr(t) = e_ﬂTBRte]”BTRtZ I (i)’
T
where T = NT¢ is the chirp duration, which is also the duration of the communication
symbol train, and B is the chirp bandwidth. When multiple pulses are transmitted,
the PC-FMCW waveform of Box 8.7 is obtained, where I, , are the communication
symbols transmitted during the p'* pulse.

8.7: PC-FMCW ISAC Waveform (Complex Baseband Representation)

e~ JB(t=pTor1) 7 7 (t=pTorr)?

-1 [N-1
s()=> [Z Ip’nH(%)

8.1.3.1 Radar Processing

At the ISAC receiver, neglecting the noise, the received signal reflected by K targets,
with complex coefficients {ay }, delays {7; } and Doppler frequencies { fpr }, is written
as

K-1
u(t) = Z oy el s(t - ),
k=0

which is written in pulse notation as

= = t — 1 — nT B 2
u(p,t) = Z ax o2 fokTerip )27 forct Z I, 11 (%) e IB(t=1) gy T (t=71)°
k=0 n=0 c

At the radar receiver, a dechirp operation is first performed. Assuming that
maxi{7x} < Tprr — T, the processed signal is written as

t

_ Bt —jnétz i
y(p.t) = ulp.1) e 11 ()
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-1 N-1 ¢ T
— i eJZFkaTPRIPe—ﬂfT(?Tk—fnk)t Z I, I ( “h—n C) ;
Ic

k=0 n=0

where
B_2
Pr = ax /BT I T T T

Compared to classical chirp-based radars, the presence of the communication symbols
will induce a dispersion of the echo power on the delay-Doppler map. This is for
instance studied in [Uys20], and it will be further analysed in Section 9.1.1. One
method to circumvent this problem is the use of a group delay filter.

Let us denote by Hgq a group delay filter, i.e. |[Hgg| = 1. The group delay is defined

as
L1 darg {Hg(f)}
T df

A signal with envelope s and carrier frequency f; passing through the group delay
filter is transformed in radio frequency as [Opp+97]

$(t) ~Re {s(t — Tgd) e’z”fo(t”f’d)} ,

where 7,4 is named phase delay and defined as

1 arg {Hgd(f)}
Tpd = Py f

This supposes that the envelope is slowly varying compared to the carrier frequency
fo:

<< fo.
2r fo

%logs(t)

Assuming that the beat frequencies of the targets are large compared to their
Doppler frequencies, one may assume that Bty /T — fpx ~ Bty /T. Therefore, the echo
of the target associated with the beat frequency fz = —Bri /T should be delayed by a
group delay 744 (f) = Tf/B. This leads to the following phase response:

f f
org {Hea($)} = =27 [ ra1)df = o= [ L £af = n=npf

with ¢ being a constant phase offset. The phase delay is thus equal to 7,9 = Tf/2B.
Applying this filter to the received signal, one obtains

K-l B = t — nT;
5 _
ygd(P, t) ~ E Br e I T T gl27for Torp o= 127 forct § Ip,n H( - C)
e
k=0

n=0
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Group Delay Filtering

~lw

| B H

NN ..
t A t
Fig. 8.3 Group delay filtering after the dechirp and low-pass filter operations. The
black and white squares represent the communication symbols.

N-1

,..

Ye ]ZJIﬁ)kTPRIPe_]Zﬂﬁikt’ (8.2)

t—nTc)K

n=0 k=0

where yy is defined as
B
Yk = ﬁk e ITT % = ag eJ”BTk.

Thanks to the group delay filter, the multiple radar echoes associated with different
targets are now aligned in time, as illustrated in Figure 8.3. This enables to compensate
the known communication symbols, allowing to perform the Fourier analysis in the
slow- and fast-time domain:

N-1 T K-1
z(p,t) = Z Ygd(p, 1) |Inp| H( C) yi eV forTerp o= 27 fikt (8.3)
k=0

8.1.3.2 Communication Processing

At the communication receiver, which may also be another ISAC or communication
system compatible with the PC-FMCW waveform, the received signal from a Q-paths
channel with complex coefficients {4}, delays {74} ,and Doppler frequencies {fpq},
is written as

Q-1
u(t) = Z g /2 foatg(f — Tq),
q=0

which is rewritten in pulse notation as

! = t— 14 — nT
u(p,t) = Z tg &2 oaTowp ¢ 12 foqt Z Ipn I IR T TC) BlimTg) i B (1-1g)?
g=0 n=0 Ie
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First, time synchronisation is performed to align the signal with the start of the most
powerful path. Then a dechirp operation is performed. Denoting by 7y this delay,
one obtains

B2 t
y(p.t) = ulp, t + 1) e™Ble T T 01 (?)
= Z Bpq ¢ 7T F o)t Z Ipn (t i nTC) : (8.4)

This corresponds to a symbol train passing through a time-variant channel with
delays 74 = 74 — 7\, Doppler frequencies of B, /T — fpg, and complex coefficients 8,4
given by

ﬁpq — qu e*JZ”fDqTM eJZ”fDqTPRIPeJ”BTqujﬂg'E}ZI .

Therefore, usual communication processing techniques can be applied to recover the
transmitted symbols, i.e. matched filtering, frequency offset estimation and correction,
and equalisation.

8.1.4 Extensions of the Frequency Modulated Continuous Wave
Integrated Communication and Sensing System

Other variations of the PC-FMCW ISAC waveforms have been proposed in the
literature. For instance, a first issue of the PC-FMCW waveform is the bandwidth
increase compared to the chirp bandwidth, consequence of the introduction of the
communication symbols. This problem is overcome in [Zha+17a], which separates
the chirp in a three-section waveform to limit the excess bandwidth. For instance,
[Ma+20; Ma+21] have extended the waveform in a multi-carrier multi-antenna
design, leveraging on index modulation. Another solution proposed by [Ni+19] which
avoid bandwidth increases is to modify the transmission rate during the chirp duration.

In order to reduce the distortions induced by phase changes at the power
amplifier, Continuous Phase Modulation (CPM) and Minimum Shift Keying (MSK)
have been introduced for the communication function in [DZZ17; Lam+19]. An
experimental setup implementing this waveform has been presented in [BZH21].
This has been further extended in [Zha+17b] for multi-user applications with MIMO
systems. Besides, to further increase the data rate, the CPM FMCW ISAC waveform
is coupled with low density parity check codes in [Li+19].

More recently, to keep a low complexity at the radar receiver, [ZRA22] has com-
bined the OTFS modulation with FMCW waveforms. It is also combined with OFDM
in [Bod+23], using the FMCW waveforms to simultaneously perform for radar sensing
and channel estimation, acting like pilot signals for the communication function.
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8.2 Orthogonal Frequency Division Multiplexing

Another popular modulation for communication applications is the OFDM. The
OFDM modulation transmits multiple symbols on different orthogonal subcarriers.
This enables to perform easily the equalisation of frequency selective channels at
the communication receiver. Nonetheless, its extension to radar applications is also
straightforward [SZW09; TJX14]. Experimental results with such implementation are
for example obtained in [Sch+19]. Another processing for the radar function which is
not detailed in this chapter consists to directly compute the ambiguity function of the
OFDM symbols. Such approach is for instance proposed in [FNG06; SW11; BHS17].
The main drawbacks of the OFDM modulation are the high Peak-to-Average Power
Ratio (PAPR) and sensitivity to frequency offsets, which should be accomodated for
both radar and communication functions [HL05].

An OFDM symbol is generated in baseband from the symbols I, as

s(t):LNZI g/2mniy (1= TCP)H( d )
\/ﬁ n=0

Tpri

where Ay is the subcarrier spacing, Tcp is the cyclic prefix duration, and Tpp; =
T + Tcp, with T the OFDM symbol duration. To ensure the orthogonality between the
subcarriers, the following condition should be fulfilled:

1|7 2 1
T / e/ (n=mArt gyl = 5, < sinc?((n — Mm)AfT) = 6pm & Af = 7
0

where sinc is the normalised cardinal sine, and ,,,, is the Kronecker symbol. When
multiple OFDM symbols are transmitted, the signal of Box 8.8 is obtained.

8.8: OFDM ISAC Waveform (Complex Baseband Representation)

1 P-1N-1 -
s(t) = Z ZI eJT”(t—PTPRI Tep) H( —-p PRI)

VN S & Tert

One may relate the continuous-time to the discrete-time OFDM implementation
by sampling this expression at a rate MN /T, with M the oversampling factor. Looking
at the sampled pulse notation of this signal, one obtains

N-1

s(p, I) = \/ﬁ Z Ip eJNMn(l NCP)

n=0

with Ncp = Tcp/NM. This corresponds to the inverse discrete Fourier transform of the
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input symbols, where the input symbol sequence has been zero-padded with N(M —1)
zeros. The parametrisation of such waveform for ISAC is detailed in [Bra+09].

8.2.1 Communication Processing

At the communication receiver, neglecting the noise, the received signal in base-
band from a Q-paths channel with complex coefficients a4, delays 7, and Doppler
frequencies fpq is written as

u(t) = g ejZJrfDq IP o Fn(t-1g=pTor=Ter) 11 ( ) .
q=0 n=

- TPRI

First, time synchronisation is performed to align the signal with the start of the most
powerful path. Still, thanks to the Fourier transform properties, it is only required to
start the processing in a window of duration Tcp before the start of the first received
path. Such timing may be achieved through a correlation with the preamble, or with
the Schmidl & Cox algorithm [SC97]. Then, the signal is sampled at rate MN /T and
the cyclic prefix is discarded. Denoting by 7y the delay of the most powerful path,
one obtains in pulse notation

T
u(p,l)=r (l—N + v + pTpri + TCP)

o-1 N- T -5
= 3 gy syt L Z (i) p | N e~ T
q=0 n=0 Tert

0-1

N-
n=0

Q

where 7, = 7, — 7y, and
By =y o270 fog (+Tcp)

The last approximation is obtained assuming that Ncp is designed such that it is larger
than the channel length. Finally, an NM-discrete Fourier transform is applied over
the fast-time, giving the following signal:

L 2
—1Z Im
y(p.m) = — u(p,l) e/nm
\O="
Q-1 N-1 , | Mo ( )
= o2 fogTerip I, e 5iqn | — o) W1 (n+fogT—m)1
q=0 ﬂq ; " N ;
0-1 ‘
=Ilm Z ﬁq 4 (fDqT) )27 fogTerip e*]%’r‘rqm +1CL, (8.5)
q=0
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where the Inter-Carrier Interference (ICI) is given by

27 ~
IClpm = Z Ipn Z Bq ¢ n —m+ fpg ) /27 foqTerIp o =) T Tqn
n=0

n#m

and
NM-1

() = Z Ipn /Rl = L SO g
N sin (7 %)

Whereas the first term of (8.5) contains the symbol to decode, the second term is ICI
induced by the Doppler frequencies of the channel. Depending on their values, a
Doppler frequency estimation and correction can be performed before or simultane-
ously with the timing estimation to reduce their impacts. Finally, after performing
a channel estimation based on pilot symbols, one may simply divide y(p, m) by the
channel estimate to obtain I, ,,.

8.2.2 Radar Processing

At the ISAC receiver, neglecting the noise, the received signal reflected by K targets
with complex coefficients ay, delays 7; and Doppler frequencies fpy is written as

K-1

t — 1 — nT B 2

u(p,t) = Z ap /2 IKTrp g2 fogt Z Lo (%) o JB(t=1k) pyn 7 (t-7k)?
k=0 n=0 C

The radar receiver follows the same structure as the communication receiver. Either
it is supposed that the delays of the reflected echoes are smaller than the cyclic prefix
duration, or a time synchronisation is performed to align the signal with the start of
a reference path, supposed to be the most powerful one. In that case, knowing the
parameters of the reference path, one may extract the parameters of the other paths.
Following the developments of Section 8.2.1, after sampling, discarding the cyclic
prefix, and applying a NM-discrete Fourier transform, one obtains the following

signal:
K-1 .
y(p, m) = Ip,m Z ﬂk év (kaT) ejzlfﬁ)kTPRIP e_]Tﬂf"m + ICIp)m, (8.6)
k=0
where the ICI is given by
N-1  K-1 .
IClpm= D Ipn Y P { (n—m+ fiouT) > oxlimp s Faen
o
and
NS 1 sin (7x) NM-1
s S et 1 nle s
N sin (7 %)
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After dividing the output by the transmitted symbols, a Fourier analysis in the slow-
and fast-time enables to extract from the useful part of (8.6) the delays and Doppler
frequencies of the targets.

8.9: Delay/Range and Doppler/Speed Resolutions of the OFDM Radar

1 c
0=73 T
1 c
O = — =]
B Ten 2fcTepr

One may observe from (8.6) that, similarly to (8.1), the achieved resolutions are
identical for the FMCW and OFDM radar. Those are summarised in Box 8.9. Nonethe-
less, both waveforms have different pros and cons. For instance, the FMCW radar
outputs can be sampled at low rate (up to the maximal beat frequency), whereas the
OFDM radar must be sampled at the full bandwidth. Still, contrariwise to the FMCW
radar, the OFDM radar does not suffer from delay-Doppler coupling.

8.2.3 Extensions of the Orthogonal Frequency Division Multi-
plexing Integrated Sensing and Communication Systems

Numerous other variations of the OFDM ISAC waveform have been proposed in the
literature. As a non-exhaustive list, to handle the negative impact of ICL, [HY18]
proposes a method to suppress the ICI for OFDM radars. From another point of
view, [KWK21a] and [KWK21b] develop specific ICI-aware algorithms for MIMO
OFDM ISAC systems. A MIMO configuration with frequency division multiplexing is
considered in [LLY16]. More complex structures are proposed in [HY16] based on
antennas multiplexing with subcarrier interleaving, and in [XP22; Kni+19] based on
random antennas multiplexing with compressive sensing. The use of the Alamouti
coding scheme is also analysed in [Ley+20].

On the one hand, to reduce the high peak-to-average power ratio, which is one
of the main drawback of the OFDM modulation, constant envelope structures are
introduced in [Tho+08; LTZ18; Mul21]. On the other hand, to decouple the radar
bandwidth from the communication bandwidth, chirp modulation of the OFDM
waveform has been proposed in [Wan+18]. This has been extended for MIMO
configurations in [Oli+21]. Leveraging on the advantages of both structures, [Did+16]
merged both constant envelope and chirp-modulated OFDM waveforms.

To further improve the data rate, from a communication perspective, index modu-
lation of the subcarrier indices or antennas is considered in [AH09; TSH11; Bas+13].
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In contrary, from a radar perspective, high resolutions are achieved in [Pod+19] using
a wideband OFDM structure for range, velocity and direction-of-arrival estimation.
Finally, for complexity reduction, stepped OFDM has been considered in [LMI15;
Sch+18] to achieve high resolutions with lower bandwidths. The sampling rate of
the digital-to-analogue converters and vice-versa has been reduced to the extreme
in [Zhu+21], which proposes a low complexity MIMO OFDM scheme with 1-bit
sampling.

8.3 Full-Duplex Integrated Sensing and Communica-
tion Receivers

In summary, the radar and communication processing chains for PC-FMCW and
OFDM ISAC receivers are illustrated in Figures 8.4 and 8.5. The PC-FMCW waveform
enables to transmit large bandwidths, but the communication rate is limited, whereas
it is the contrary for the OFDM waveform. In both cases, the signal is supposed to be
already sampled, as in software defined radio structures. Still, one may consider other
architectures for the receivers, and adapt the block diagrams accordingly. For instance,
performing the dechirping of the PC-FMCW waveform in the analogue domain
may enable to sample the beat frequencies at low rates, but specific synchronisation
structures are required [Lam+20].

On the one hand, at the radar function, both systems works with 2D matrices
to distinguish the slow- and fast-time. First, (8.3) and (8.6) are obtained with
waveform-specific processing. Then, a 2D-Discrete Fourier Transform (DFT) is
applied to recover the delays and Doppler frequencies of the targets in the Fourier
domain. Finally, a Constant False Alarm Rate (CFAR) detector is applied on the
delay-Doppler map to extract the number of targets and their parameters. The CFAR
detectors enable to estimate the noise (and interference) power level, and to set the
detection threshold of Section 1.4.4 accordingly, at the price of a small SNR loss.
More information can be found in [Ric05]. On the other hand, at the communication
function, both systems starts by locating the beginning of the payload, before
working with 2D in the slow- and fast-time. Then, waveform-specific processing is
applied to extract the transmitted symbols.

Still, with such receiver, the interference between the radar and communication
functions, detailed in Section 1.1.2, is not handled at all. Therefore, in the Chapters
9 and 10, interference cancellation and beamforming are introduced to mitigate the
interference between both functions with such receivers.
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Full-Duplex Phase-Coded FMCW ISAC System

u(l) — - Comm. CFAR
( l) > Dechirping [>| LPF + GDF > suppression — 2D-DFT |~ -
u(p,
Radar Processing
u(l) —
Communication Processing
Timing u(l) = ] - Matched .
Dechirpin : Sync. >| Decision
sync. u(p7l) ping filter Y

Fig. 8.4 Block diagram of a full-duplex PC-FMCW ISAC receiver. The low-pass and
group delay filtering are respectively denoted as LPF and GDF. The synchronisation
block performs the carrier frequency estimation and correction, and the channel
estimation and equalisation.

Full-Duplex OFDM ISAC System

u(l) - " DFT Comm. CFAR
u(p, 1) | Discard CP 1= (ot time) [ suppression 2D-DFT B8l jetector
Radar Processing
u(l) —
Communication Processing
Timing > u(l) " > Discard CP DFT Equalisation f>| Decision
sync. u(p, l) (fast time)

Fig. 8.5 Block diagram of a full-duplex OFDM ISAC receiver. The equalisation block
also performs the channel estimation. For high mobility applications, an additional
carrier frequency estimation and correction block can be integrated.
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Interference Cancellation
Schemes for Full-Duplex
Integrated Sensing and

Communication Systems

Most of the content of this chapter is inspired from [DOV22] and [DOV24].

N Section 1.1.2 of Chapter 1, the full-duplex ISAC scenario has been presented.
Two issues have been raised, i.e. the self-interference from the transmitter
to the receiver of the ISAC system, and the interference between the radar and
communication functions. As specified in Section 1.1.2, the self-interference will not
be studied in this thesis. Nonetheless, analyses of the second issue are still lacking in
the litterature. On the one hand, from the radar point of view, the communication
signal transmitted by another ISAC (or compatible communication) system is an
interference. On the other hand, from the communication point of view, the radar
echoes are considered as interference. Therefore, enabling some cooperation between
both functions, one may (partially) suppress the communication signal at the radar
function, and/or the radar echoes at the communication function. Such IC has
for instance been considered in [Sit+11], with OFDM ISAC systems. Within the
SG framework, a first insight of the expected performance improvement has been
presented in Section 6.2.4.1. However, the achieved performance are computed
from a residual function which has been arbitrarily defined. Thus, it may not be
accurate. Moreover, the SG framework is an abstraction in which numerous details of
the processing cannot be easily taken into account, e.g. an inaccurate synchronisation.

In this chapter, the IC between both functions is further investigated by fully
modelling the full-duplex ISAC scenario, including the complete transmitter and
receiver processing chains and the channel impairments. It is assumed that every
ISAC system in the scenario shares the same parameters. Following the single-point
channel model of (1.3), the received signal at the ISAC system of interest is given
in Box 9.1. The number of targets and communication links are denoted as K and
Q, and w is an AWGN. The signal sg denotes the signal transmitted by the ISAC
system of interest. This signal carries communication symbols, for the downlink
communication function. Moreover, the reflections of this signal on the environment
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Fig. 9.1 Organisation of the chapter, and representation of the different IC structures.
The first solid arrow entering the blocks from the left represents the received signal.
The solid arrows at the output of the radar and communication blocks represents
the targets number and parameters, the communication channel parameters, and
the decoded symbols. The solid arrows at the output of the IC blocks represents the
received signal in which the radar or communication interference has been cancelled.
The dotted arrow in the dynamic structure represents radar information forwarded
from previous measurements.

are received and processed by the radar function. Simultaneously, other ISAC systems
are transmitting different signals {scq}. Multipath channels may be included within
the summation over the index q. These signals are also received at the ISAC system
of interest, which extracts the uplink communication information. Note that these
signals are not used at the radar function to gather additional information about the
environment. The waveforms sg and sc; may be any ISAC waveform, such as the
PC-FMCW or OFDM waveforms, detailed in Chapter 8. The complex coefficients,
Doppler frequencies and delays of the radar and communication paths are denoted as
{av}, {foo} and {7, }, where v € {R, C}.

9.1: Single-Antenna Full-Duplex Received Signal

K-1 o-1
u(t) = Z api €/ IR oo (t — 1Rpe) + Z acq e/2mfocqt scq(t — 1cq) +w(t)
k=0 q=0

Multiple IC schemes are detailed in this chapter, as summarised in Figure 9.1.
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First, the impact of the interference on the radar and communication functions is
analysed, respectively in Sections 9.1 and 9.2. Two structures are then proposed
to cancel the interference at one function, in cooperation with the other. Next, in
Section 9.3, iterative IC structures are introduced, further improving the performance
and the robustness of the receiver. Finally, in Section 9.4, the application of the
iterative structure in dynamic scenarios is discussed, leveraging on previous radar
measurements.

9.1 Interference Cancellation at the Radar Function

At the radar function, the signals of interest are the radar echoes, while the uplink
communication signals are interfering. First, the impact of the communication signals
on the delay-Doppler map is analysed. Then, IC is introduced at the radar function,
based on the output of the communication function.

9.1.1 Interference between Phase Coded Frequency Modulated
Continuous Wave Systems

If PC-FMCW ISAC systems are considered, the communication signals are filtered
at the radar function after dechirping if the total Doppler frequency, i.e. the carrier
frequency offsets, communication channel Doppler frequencies, and beat frequencies
generated by the dechirp operation, is higher than the cut-off frequency of the
receiver low pass filter. However, if the relative delay between the interferer and
the receiver is lower than the maximum detectable delay of the radar receiver, the
delay-Doppler map will be corrupted by the interfering communication signals.
Fortunately, the transmitted data are different for the PC-FMCW ISAC system
of interest and the other interfering systems, enabling an inherent interference
mitigation [Uys20].

After the dechirp operation, group-delay filtering and sampling, assuming that
the communication paths have not been filtered out, the ¢ processed interfering
signal is written following (8.2) as

N-1
l-nM _ o ficq’c
qu,gd(P, D)~ Z Icgpn H( o Yeq )27 focqTerip o =727 =31 l,
n=0

where M is the oversampling factor, Tpy; is the pulse repetition interval, ycq is a
complex coefficient associated with the g™ path of variance E [|ycq|2] = O'(Z:q, Icq

are the symbols transmitted by the ¢'" ISAC system, and fBcq is the beat frequency
generated for the ¢ path. Since symbols of the communication signals are different
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for each ISAC system, they are not well compensated at the radar function:

zcq(p.1) = yeq eJ27focqg Terip Z

Ieqpnlg p, (l - nM) o
|IR,p,n |2 M '

To compute the impact of such interference in the delay-Doppler map while accounting
for the random path coefficients and symbols, the power spectral density of zc, cannot
be computed directly, as the signal is not stationary. One may instead compute the
expectation of the autocorrelation of zc, over the fast- and slow-time, and then apply
DFT and Inverse Discrete Fourier Transform (IDFT) over both dimensions to observe
the distribution of the signal power in the delay-Doppler map. The expectation of the
autocorrelation of zc4 over both dimensions is computed as

P-1 MN-1
cZCq(AP’ A) =E ZCq(P D) Zcq (p- Ap, -Ap)

p=0 I=0

MN-1N-1
((1) 2 P e]27rf)chpR1Ap 5(A ) e ]277: Z H( M) (l - Al - nM)
M
=0 n=
_ focqTc Al

= ot MNP 5(Ay) e7*" A’A(M), (9.1)

where (a) is obtained assuming that independent symbols are drawn from normalised
constellations at every system, such that

Icqpnlé , Iy Raop
P> q.p’,n’ "Rq,p,n RGP’
: | = —n)6(p - p)), 9.2)
|IRq,p,n| |IRq,p’,n’ |

and A is the triangular function, i.e.

AG) 1-|x| if |x] <1,
x) =
0 otherwise.

Finally, applying a DFT on the slow-time and an IDFT on the fast-time, one obtains an
insight on the power dispersion of the g™ communication signal in the delay-Doppler
map:

sin® (£ (Ar — facqT))
sin® (57 (Ar — facqT))

This shows that the power of the communication signal is spread uniformly in

Py (Ap, A7) = agq PN

(9.3)

the Doppler dimension, and follows a sin/sin shape in the delay dimension. The
maximum value of the power is located around the normalised beat frequency fzcqT,
and it is equal to o*éq PNM?.
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Power Distribution of the Communication Signal
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Fig. 9.2 Illustration of the power distribution of the communication signals interfer-
ence in the delay-Doppler map. The parameters are ac = 1, 7¢c = 0.25 pis, fpc = —300 Hz,
P =50, N =10, M = 2000, T =100 us, Tpr; = 100.5 us, B = 100 MHz.

That result can be compared with the power distribution of the radar echoes, for
which the communication symbols are well compensated. After the dechirp operation,
group delay filter and sampling, the processed echoes are written following (8.2) as

I —nM

fBRk Tc l

) YRE el 2fork Torp o =270 =5

N-1
Yrkgd(p, 1) = Z Irpn 11 (
n=0

where M is the oversampling factor, Tpg; is the pulse repetition interval, yck isa
complex coefficient associated with the k™ echo of variance E [|YRk|2] Rk, Ip are
the symbols transmitted by the ISAC system of interest, and fsry is the beat frequency
generated for the k™ echo. The communication symbols of the joint waveform are
next compensated at the radar function:

fBRch
2 T -2 l
zri (1) = yrie € T forkTorip o= )27 =3

The expectation of the autocorrelation of zgy over the fast- and slow-time is obtained
as

P N
Cone(Bp M) =E | " 3" zre(p ) 23y (p = A, I = A))
=0 0

_ o JBRETC
— O-lzlk MNP el2mforeTeriBp o =j2m =5~ A1
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Finally, applying a DFT on the slow-time and an IDFT on the fast-time, one obtains

sin (7 (Ar — foreTepr)) sin (7 (A, — fareT))
sin (% (Ar = foreTcpr)) sin (357 (Ar = fareT))

Poi (Ap, Ar) = o, MNP

where Tcpy is the coherent processing interval. This shows that the power of the
radar echoes follows a sin/sin shape in both the delay and Doppler dimension. The
maximum value of the power is located around the normalised beat frequency
facgT and normalised Doppler frequency foriTcpr, and it is equal to o2 v PIN?M2,
Comparing this result with the maximum value of (9.3), one observes that, for the
same variances of the radar and communication channels, a power gain of NP is
obtained for the radar echoes compared to the interfering communication signals.
Note that, if the radar echoes were not aligned with the group delay filter, the
communication symbols would not be well compensated, and the power of the radar
echoes would also be dispersed in the delay-Doppler map.

When the number of communication symbols N is large, the main lobe of (9.3)
is widened. Nearly constant interference may be observed on the complete delay-
Doppler map if this number is sufficient. Nonetheless, the power of the communication
signals is only dispersed and not suppressed. Therefore, for high communication
signals power, the equivalent noise floor is increased, which severely degrades the
radar detection performance. This motivates the introduction of IC at the radar
function.

9.1.2 Interference between Orthogonal Frequency Division Mul-
tiplexing Systems

If OFDM ISAC systems are instead considered, similarly to PC-FMCW ISAC systems,
the symbols of the communication signals, which are different for each ISAC system,
are not well compensated at the radar function. Starting from (8.6), neglecting the
ICL, the following signal is obtained for the ¢ path after performing an erroneous
compensation:

Iegp, IRpl eSfocgTomp g=1 % icql,

zcq(p.1) = feg ¢ (focgT)

T

with T the OFDM pulse duration, and fcy a complex coefficient associated with the
q' path of variance E [| ,ch|2] = 0'(2:(1. The expectation of the autocorrelation of z¢q4
over both dimensions is then computed as

P-1N-1

Cqu(Ap, A)=E zcq(p, 1) Zéq(p = Ap, 1= Ap)
=0 =0
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= O'éq | (fDCqT) |2 PN /27 focqgToriAp 5(Ap) e*}%”icqm 5(A))
= 0tq 1 (focgT) I PN 6(Ap) 8(Ay).

where the last equality is again obtained assuming that independent symbols are
drawn from normalised constellations at every system, leading to (9.2). Finally,
applying a DFT on the slow-time domain and an IDFT on the fast-time domain, one
obtains an insight on the power dispersion of the ¢™ communication signal in the
delay-Doppler map:

Prcg(Dfs Ar) = 0 1T (focgT) 2 PN. (9.4)

This shows that the power of the communication signal is spread uniformly in the
both the delay and Doppler dimensions.

That results can be compared with the power distribution of the radar echoes, for
which the communication symbols are well compensated. Starting again from (8.6),
the following signal is obtained for the k' target after compensating correctly the
symbols:

2w (p. 1) = Pk § (foreT) &/ omTon ¢~ F i,

with fri a complex coefficient associated with the k™ target of variance E [| ﬁRk|2] =
crék. The expectation of the autocorrelation of zgx over both dimensions is then
computed as

P-1N-1
CZRk (Ap, Al) = E ZRk(p’ l) Z;k(p - AP’I - Al)
Pp=0 I=0

2T ~
= Uﬁk ¢ (foreT) |* PN 2 fork ToriBp =) T Tricr

Finally, applying a DFT on the slow-time domain and an IDFT on the fast-time domain,
one obtains an insight on the power dispersion of the ¢ communication signal in
the delay-Doppler map:

sin (7 (Ar — foreTepr)) sin (7 (A, — 7riB))
Preg(Dr, A7) = Cfcq I¢ (foreT) I? PN — Lo ————~ i .
in (% (Af — foreTcer)) sin (£ (Ar — TreB))
(9.5)
This shows that the power of the radar echoes follows a sin/sin shape in both
the delay and Doppler dimensions. The maximum value of the power is located

around the normalised delay 7gg B and Doppler frequency fpriTcpr, and is equal to
G(Z:q | (foreT) |2 P2N?. Comparing this result with the maximum value of (9.4), one
observes that, for the same variances of the radar and communication channels,
and the impact of the ICI being neglected, a power gain of NP is obtained for the
radar echoes compared to the interfering communication signals, as with PC-FMCW
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Fig. 9.3 CR structure. The communication function forwards the communication
synchronisation parameters and the decoded symbols I¢ to the IC block.

Parameters Values
Bandwidth B =20 MHz
Chirp duration T =100 ps
Guard interval T, =0.5 ps
Pulse number P =50
Symbols number L. =100
False alarm probability Ppa = 1074
Radar channel parameters lar| = 0.1, 7r = 0.1 ps, fpr = 1000 Hz
Comm. channel parameters | |ac| =1, 7c = 0.25 ps, fpc = -300 Hz

Table 9.1 Parameters of the scenario for Section 9.1.3.

systems.

9.1.3 Interference Cancellation

In scenarios where the power of the communication signals is assumed to be larger
than the power of the radar echoes, IC can be applied at the radar function. The
communication signals are first decoded at the communication function. Then, the
retrieved information, i.e. the received symbols {icq}, and synchronisation parameters
{acq, focgs ch}, is transferred to the radar function. Leveraging on these parameters,
the communication signals are reconstructed, and subtracted from the received signal.
This receiver is named CR structure, based on the order in which the radar and
communication functions are processed. It is illustrated in Figure 9.3.
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9.1.3.1 Sensing and Communication Performance

To evaluate the performance of the CR structure, a scenario with PC-FMCW ISAC
systems is defined in Table 9.1, with one radar echo and communication link. Figure
9.4 illustrates the probability of detection obtained for different modulation indices,
i.e. Binary Phase Shift Keying (BPSK), Quadrature Phase Shift Keying (QPSK),
16-Phase Shift Keying (PSK) and 16-Quadrature Amplitude Modulation (QAM), after
IC at the radar function, compared to the probability of detection obtained when
there is no interference, or when interference is not cancelled. In the considered
scenario, the communication signal power is 20 dB higher than radar echoes. Even if
the interference power is spread in the delay-Doppler map, owing to the presence
of uncompensated communication symbols, the radar echoes are hidden below the
interference noise floor.

Thanks to the IC, large performance improvement is achieved, depending on the
BER obtained at the communication function (and equivalently on the modulation
indices). This is shown in Figure 9.5. At low communication SNR, the BER is high,
leading to multiple symbol errors at the cancellation. The higher the modulation
index, the higher the number of errors, leading to a decrease of the probability of
detection. In that case, the obtained performance is even worse than the performance
obtained when there is no IC with high modulation indices. However, at higher
communication SNR, the BER decreases, and the cancellation efficiency increases as
well. Therefore, the probability of detection increases to one. The increase is slower
for high modulation indices since the BER decreases more slowly in the considered
SNR range. Regarding the 16-QAM constellation, the detection performance is worse
than the one achieved with the 16-PSK for SNRs up to around 13 dB, even with a
lower BER, owing to the non-constant envelope of the transmitted ISAC waveform.

9.1.3.2 Introduction of Error Correcting Codes

In order to further improve the IC capabilities, Error Correcting Codes (ECC), e.g.
convolutional codes, are introduced in the structure. We assume that bits are coded at
. . . . _ 1+D
the ISAC transmitters using the systematic convolutional code G(D) = [1 ) +D2]
of rate R, = 1/2, with D the delay operator. At the receiver, soft Viterbi decoding is

performed.

First, regarding the inherent interference mitigation of both ISAC waveforms
discussed in Section 9.1.1 and 9.1.2, the auto-correlation of zc4 presented in (9.1)
remains valid only if the condition of (9.2) is still fulfilled after coding. Apart from
repetition coding, even if convolutional codes integrate redundancy in the coded bits,
pairs of symbols remain empirically independent, except at the start of the sequence.
This is illustrated in Figure 9.6. Correlation between the first bits of the sequence is
observed owing to the structure of the code. Still, with a QPSK mapping, this does
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Fig. 9.4 Probability of detection against SNR with BPSK, QPSK, 16-PSK and 16-QAM
modulation, with and without IC.

BER - CR Structure

SNR (dB)

Fig. 9.5 BER against SNR with BPSK, QPSK, 16-PSK and 16-QAM modulation, with
the CR structure (solid lines) and without any interference (dashed lines).
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Fig. 9.6 Bits and symbols covariance matrices after coding, with QPSK mapping,.

not induce correlation of the first symbols. Nevertheless, interleaving can also be
introduced to ensure no covariance. Therefore, with the considered convolutional
code, the dispersion of the interfering communication signal in the Delay-Doppler
remains unchanged.

To ensure a fair comparison is performed between the uncoded and coded trans-
missions, coded bits are transmitted with half power in the coded transmission in
order to keep a constant energy per bit E,. The uncoded transmission uses BPSK
constellation, whereas the coded transmission uses QPSK constellation in which the
redudancy bits are transmitted in quadrature, ensuring the same transmission time.
This also enables to conserve the same SNR = MR, E;,/Nj in both transmissions, with
M the modulation index (M = 1 for BPSK, and M = 2 for QPSK). Figure 9.7 illustrates
the achieved BER between uncoded BPSK and coded QPSK transmissions. Thanks to
the presence of ECC in the ISAC waveform, a lower BER is achieved with the coded
transmission, except for low Ep,/Nj ratios. This improvement is directly translated in
Figure 9.8, showing that a higher detection probability is achieved with a coded QPSK
transmission compared to uncoded BPSK. The performance improvement is small
since the detection probability is already close to the performance achieved without
any interference in that scenario, which acts as an upper bound. Note that a further
increase of the code memory would also help improve the detection probability to
some extent. Moreover, the same conclusions can be drawn with higher modulation
indices if ECCs with higher correction capabilities are considered.

9.1.4 Summary

PC-FMCW and OFDM systems are inherently robust to interference from other ISAC
systems at the radar function. Nonetheless, when the communication component
is dominant compared to the radar echoes, the increased noise floor is still an issue.
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Fig. 9.7 BER against E,/Np for uncoded BPSK and coded QPSK communication
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Fig. 9.8 Probability of detection against E},/ Ny after IC, for uncoded BPSK and coded
QPSK communication symbols.
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Therefore, IC can be introduced before the radar function, leveraging on the outputs
of the communication function to estimate and suppress the communication signals.
IC performs well when the BER obtained at the communication output is sufficiently
low. The modulation index of the communication signal can be increased at the
price of a lower detection probability for a given SNR at the communication function.
Introducing ECCs helps improve the achieved performance at both functions, as lower
BERs are achieved, which also leads to better IC at the radar function.

9.2 Interference Cancellation at the Communication
Function

At the communication function, the signals of interest are the uplink communication
signals, while the radar echoes are interfering. First, the impact of the radar echoes on
the communication signals is discussed. Then, IC is introduced at the communication
function, based on the output of the radar function.

9.2.1 Interference between Phase Coded Frequency Modulated
Continuous Wave Systems

If PC-FMCW ISAC systems are considered, as shown in Figure 8.4, dechirping is also
applied at the communication function. Hence, the interfering components rotate at
frequencies equal to the sum of the Doppler and beat frequencies associated with the
radar echoes, computed w.r.t. the time reference given by the timing synchronisa-
tion block. Thus, low-pass filtering can be applied after dechirping to filter echoes
with large beat frequencies and limit the interference. This still assumes that the
Doppler frequencies of the communication signals are negligible compared to the
beat frequencies of the radar echoes. Nonetheless, except that, there is no inherent
interference mitigation mechanism at the communication function. Therefore, IC can
be applied to increase the communication performance when interference occurs.

9.2.2 Interference between Orthogonal Frequency Division Mul-
tiplexing Systems

If OFDM ISAC systems are considered, all the received signal are processed similarly,
and there is no inherent interference mitigation mechanism at the communication
function. Therefore, IC can be applied to increase the communication performance
when interference occurs.

9.2.3 Interference Cancellation

In scenarios where the power of the radar echoes is assumed to be larger than
the power of the communication signals, IC can be applied at the communication
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Fig. 9.9 RC structure. The radar function forwards the number of targets and their
parameters to the IC block.

function. The radar echoes are first processed at the radar function. Then, the
retrieved information, i.e. the number of targets and their parameters {ark, fork> TRk }»
is transferred to the communication function. Leveraging on these parameters, the
radar echoes are reconstructed, and subtracted from the received signal. This receiver
is named RC structure. It is illustrated in Figure 9.9.

Note that the complex coefficients {agy } can be estimated from the delay-Doppler
map, but this may be inaccurate, owing to the inter-target interference. Instead,
owing to the joint waveform structure which is shared by every system, radar echoes
can be processed as communication signals, for which the delays and the Doppler
frequencies have already been estimated at the radar function. Additionally, the
transmitted symbols are also known. Another option is to estimate all the parameters
of each radar echo successively based on the estimated number of targets of the radar
receiver, but this solution does not leverage on all the information gathered at the
radar function.

9.2.3.1 Sensing and Communication Performance

The performance achieved by the RC structure depends on the accuracy of the
radar estimates, which is directly related to the delay and Doppler resolutions of
the radar function. In order to increase the Doppler resolution, one can increase the
total duration of the payload. Nevertheless, this also impacts the radar processing
gain, and the senstivity to the frequency offset. Otherwise, the accuracy can be
improved by interpolating the delay-Doppler map with zero-padding. Two scenarios
with phase-coded ISAC systems are defined in Table 9.2, with one radar echo
and communication link, leading to different Doppler frequency resolutions and
accuracies.
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’ Parameters ‘ Values ‘
Bandwidth B =20 MHz
Chirp duration T =100 ps
I. T, =0.5pus
Guard interval I a
T, = 5 s
Pulse number P =50
Symbols number L. =100
False alarm probability Ppa = 1071
Modulation QPSK
I g =0.1ps
Radar channel parameters |ar| =1, , for = 1000 Hz
g =1ps
I . =0.25 ps
Comm. channel parameters | |ac| =1, , foc = -300 Hz
I:r =25 ps

Table 9.2 Parameters of the scenario for Section 9.2.3. Two scenarios are defined, and
respectively denoted as I and II.

Number of pulses P Reso'lution (1/ TC?I) f'\ccuracy ’
Scenario I ‘ Scenario II | Scenariol | Scenario II
50 199 Hz 190.5 Hz 5Hz 47.6 Hz
100 99.5 Hz 85.2 Hz 5Hz 47.6 Hz
150 66.3 Hz 63.5 Hz 5Hz 15.9 Hz
200 49.8 Hz 47.6 Hz 5Hz 0 Hz

Table 9.3 Resolutions and accuracies achieved for both scenarios of Table 9.2.

The higher the number of transmitted pulses, the better the Doppler resolution.
Yet, this does not imply that a higher accuracy is achieved. The latter depends on the
Doppler frequency of the target, w.r.t. the discrete delay-Doppler grid. For instance,
Table 9.3 summarises the achieved resolutions and accuracies in both scenarios
defined in Table 9.2. On the one hand, with the parameters of the first scenario, even
if the resolution is improving with the considered number of pulse, the accuracy
remains constant. Yet, the length of the payload also increases, leading to many
errors at the reconstruction of the end of the signal, owing to the phase rotation of
the symbols. This is translated in Figure 9.10, showing the BER achieved with the RC
structure in the first scenario, for different numbers of pulse. Increasing the number
of transmitted pulses leads to an increase of BER. Note that the detection probability
is not shown in that case, as it is always very close to one in this scenario.
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Fig. 9.10 BER against E;, /Ny for multiple numbers of pulse.
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Fig. 9.11 BER against Ep, /Ny for multiple numbers of pulse and zero-padding factors
(Zp = number of padded zeros).
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Detection Probability - RC Structure (Scenario II)
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Fig. 9.12 Detection probability against Ep, /Ny for multiple numbers of pulse and
zero-padding factors (Zp = number of padded zeros).

On the other hand, with the parameters of the second scenario, the accuracy
remains constant with 50 and 100 transmitted pulses, but decreases for higher number
of pulse. The achieved BER and detection probability are shown in Figure 9.11 and
9.12, for different numbers of pulses and zero-padding factors.

= When the number of pulse is increased from 50 to 100 pulses, worse performance
is achieved, as the same accuracy is achieved, with a doubled payload length.

= When the number of pulse is increased from 100 to 150 pulses, the improvement
of accuracy enhances the BER. Yet, the increase of payload duration worsens
the performance, leading to a limited improvement w.r.t. the transmission of
100 pulses.

m When the number of pulse is increased from 150 to 200 pulses, the Doppler fre-
quency is estimated perfectly, leading to significant performance improvement,
regardless of the increased payload duration.

With zero-padding, the accuracy is increased without affecting the payload length.
For instance, with 50 transmitted pulses, a zero-padding factor of 1 does not increase
the accuracy, but the payload length being unaffected, performance losses are avoided.
With higher zero-padding factors, the accuracy is increased, and better performance
is achieved. Note that a reduction of the detection probability is observed with a
zero-padding factor of 3, which is translated by an increase of the BER, and lower
performance compared to the transmission of 200 pulses. This is a consequence of
the CFAR detector, which is not able to estimate accurately the noise power in the
delay-Doppler map with high zero-padding factors, owing to the interpolation of the
noise and target response.
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9.2.3.2 Summary

Contrariwise to the radar function, the communication function is more sensitive
to interference from other ISAC systems. Nonetheless, when the radar echoes are
dominant compared to the communication signals, IC can be applied efficiently to the
communication receiver, leveraging on the outputs of the radar function to suppress
the radar echoes. The estimation of the echoes parameters is either based on the radar
outputs, or it is aided by the communication synchronisation algorithms, leveraging
on the waveform structure shared by all systems. In the former, the radar delay and
Doppler accuracies should be sufficiently high in order to ensure accurate estimations
of the delays and Doppler frequencies, leading to an efficient cancellation. The
resolutions and accuracies can be increased by modifying the system parameters.
Otherwise, zero-padding of the delay-Doppler map is helpful to increase the accuracy
of the delay and Doppler estimations, without modifying the bandwidth nor the
payload duration.

9.3 Iterative Interference Cancellation

In Sections 9.1 and 9.2, two IC structures at the radar or communication function,
namely the CR and RC structures, have been detailed. However, each receiver only
works well, respectively at high communication or radar SIR. Thus, IC should be
integrated at the radar (resp. communication) function only if the communication
signals (resp. radar echoes) are dominant compared to the radar echoes (resp.
communication signals). To solve this issue, if the power levels of the different
signals are estimated beforehand, one may switch between both structures to use
the appropriate IC scheme. Another solution which does not require any a priori
information is to perform iterative cancellation.

Iterative structures are illustrated in Figure 9.13. In such structures, the received
signal is forwarded to the first radar or communication block, and to IC blocks.
The radar block estimates the number of targets and their parameters, while the
communication function estimates the synchronisation parameters and the decoded
symbols of the communication signals. These receivers are named R- and C-iterative
structures, respectively when they start with the radar or communication function.
Such structures work well irrespective of the considered scenario. If the power of the
radar echoes (resp. communication signals) is dominant, even if the signal at the
input of the radar (resp. communication) function is corrupted by a poor IC output,
the radar (resp. communication) function still performs well owing to the high power
of the radar echoes (resp. communication signal). Thus, the next IC block efficiently
suppress the interference for the other function, and good performance are achieved.
When the powers of the radar echoes and communication signals are equivalent, the
structure still achieves good performance thanks to the high radar processing gain of
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Fig. 9.13 Iterative structures. The radar function forwards the number of targets and
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communication synchronisation parameters and the decoded symbols I¢c to another
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’ Parameters ‘ Values ‘
Bandwidth B =20 MHz
Chirp duration T =100 ps
Guard interval Ty =5 ps
Ratio E;, /N, Ey/Np = 10 dB
Pulse number P=50
Symbols number L. =100
False alarm probability Pra = 1074
Modulation QPSK
Zero-padding factor Zp=3
Radar channel parameters |agr| = 0.1—10, 7 = 1 s, fpr = 1000 Hz
Comm. channel parameters lac| =1, 7c = 2.5 ps, foc = -300 Hz

Table 9.4 Parameters of the scenario for Section 9.3.1.

the radar function.

Multiple specific iterative IC receivers are defined in this thesis, namely the
RCR structure (extending the CR structure with one additional radar block), CRC
structure (extending the RC structure with one additional communication block), and
RCRC structure (R-iterative receiver with two complete stages). Note that there is no
benefit to perform more than two complete stages, since there are no new operations
performed w.r.t. the two-stage iterative structure. Parallel IC receivers can also be
defined by combining simple or iterative structures.

9.3.1 Sensing and Communication Performance

In order to evaluate the performance achieved by the iterative structure, a scenario
with PC-FMCW ISAC systems is defined in Table 9.4, with one radar echo and commu-
nication link. The power of the radar echo varies such that radar to communication
power ratios from -20 dB to 20 dB are considered. Figures 9.14 and 9.15 illustrate
the detection probability and BER achieved for different SIRs, i.e. radar echo to
communication signal power ratios. In Figures 9.14 and 9.15, three regions can be

identified:

For radar to communication SIRs between -20 dB and -10 dB: The communi-

cation signal is dominant compared to the radar echoes. Therefore, low detection
probabilities are achieved without IC before the radar function, as with the RC struc-
ture. The other simple and iterative structures nonetheless achieve good detection
probabilities since there is at least one IC stage before the radar function. Regarding
the BER, the CR, RC and RCR structures achieve similar performance, with a slight
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Detection Probability - Iterative Structures
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Fig. 9.14 Detection probability against radar to communication power ratio, with
simple and iterative structures.
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increase of BER for the RC structure, owing to the poor radar and IC performed at
the first stage. However, the CRC and RCRC structures achieve better performance
with an increasing radar echo power since the radar function is improved by the first
communication and IC stage, and then the communication performance is improved
at the second stage by the radar function and IC block.

For radar to communication SIRs between -10 dB and 0 dB: The radar echo

power increases to reach power levels equivalent to the communication signal. Owing
to the high radar processing gain, the RC and all the iterative structures perform well
compared the CR structure, even if the SIR is still negative. The BERs achieved by the
CRC and RCRC structures starts to increase with the radar echo power since the IC is
not perfect, and the residual radar interference is increasing. Still, the RCR structure
achieves lower performance compared to the other iterative structures because of
a poorer radar detection and IC at the first stage. This first stage is nonetheless
improving with the radar echo power, and the performance does not decrease as fast
as for the other structures.

For radar to communication SIRs between 0 dB and 20 dB: The radar echo

power is dominant compared to the communication signal. All the structures
efficiently suppress the radar interference at the communication function, but the
residual interference continues to increase with the radar echo power, and the
achieved BERs thus increase. Furthermore, at SIRs close to 20 dB, the detection
probabilities of the CR and CRC structures decreases slightly owing to the poor
communication and IC performed at the first stage.

Finally, note that the RCRC structure achieves slightly lower performance com-
pared to the CRC structure between -5 dB and 5 dB, owing to the additional IC residual
from the first stage, which propagates through the complete structure.

9.3.2 Summary

Compared to simple structures, iterative structures enable to achieve good perfor-
mance at the radar and communication function, irrespective of the considered sce-
nario, at the price of a higher complexity. IC is iteratively performed before each
function, to handle scenarios where the powers of the radar echoes and communica-
tion signals are comparable, or unbalanced. Multiple iterative structures have been
defined with different complexity and performance, i.e. the RCR, CRC and RCRC
receivers. The CRC receiver seems to achieve the best radar and communication
performance. Still, even with iterative structures, the IC is not perfect. Therefore, the
residual interference of the radar echo on the communication signal, increasing with
the radar echo power, is detrimental for the communication function at high SIRs.
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Dynamic Automotive Scenario

Communication " a
signal 7

Radar echo

Fig. 9.16 Considered dynamic V2X scenario. A vehicle is receiving a communication
signal from a RSU, illustrated by traffic lights, while detecting the next vehicle behind,
which is braking.

9.4 Interference Cancellation in Dynamic Scenarios

The iterative IC structures presented in Section 9.3 are efficient irrespective of the
scenario (which is not the case for the simple RC and CR structures). Additionally,
they do not require any a priori estimation of the signals power levels. However, the
price to pay is an increased complexity.

In dynamic scenarios, one may leverage on previous radar measurements to es-
timate the power levels of the signals, or to reduce the complexity of the iterative
structures. This is done for instance in [Yua+21], which predicts the vehicles states
based on their estimated kinematic parameters, and infers delays and Doppler fre-
quencies associated with different channel paths. In this section, a focus is made
on the R-iterative structures, following the same approach, the first radar function
is replaced by an estimation of the radar echo parameters, computed as an update
of previous radar processing. These receivers are respectively named dynamic CR
structure and dynamic CRC structure.

9.4.1 System Model

The vehicular scenario of Figure 9.16 is considered, with one radar echo and commu-
nication signal. The vehicle of interest, located in (0, 0), is stopped at a crossroad. It
receives simultaneously a communication signal from a RSU, and detects the vehicle
behind, which is braking. Denoting by p. and pg(n) the 2D positions of the RSU and
the moving vehicle at the n? transmission, the links parameters are computed as

= M wr(n) = —ZHPR(H)”, Jor(n) = &e olm) U(n),
C c C

e
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¢ e~ 2nferc ¢ R e~ I2nfemn(n)
—  w)=
arfellpcll 4nfe(2llpr(n)ll)

where v(n) is the speed of the moving vehicle at time index n, f; is the carrier

ac(n) = (9.6)

frequency and c the speed of light. The considered radar propagation model is
a GO-based model, with R being the Fresnel reflection coefficient of the target.
Assuming a good conductor, it is approximated as R ~ 1. As discussed in Chapter 3,
this model is suited for automotive radars owing to the high carrier frequencies and
dimensions of the target, meaning that a near-field propagation model should be
considered. Note that the same analysis can be performed with other propagation
models, and fading on the links can also be introduced without discarding the
following discussions and conclusions.

With the coefficients of (9.6), the SIR is computed as

Ipcll?

SIR(") = ZipemE

Let us assume a time interval A; between two radar measurements. In the considered
scenario, the estimates of the delays and Doppler frequencies at the next transmission
are computed as

for(n+1) = for(n),

) ) A, . ) A, »
fR(n+1) =1r(n)+ - 0d(n) = ir(n) + — for(n).
2c fe
This simple estimation update process could be improved, for instance using com-
plex tracking mechanisms as extended Kalman filtering [Liu+20]. Nonetheless, the
proposed process is sufficient to achieve good performance with dynamic structures.

9.4.2 Sensing and Communication Performance

Table 9.5 depicts the scenario parameters with PC-FMCW ISAC systems, and their
evolutions is shown in Figure 9.17. The delay between two transmissions is set as
A¢ = 66.6 ms. At the start, the communication signal power dominates. As time goes
by, the moving vehicle approaches the motionless vehicle, leading to an increased
radar echo power |agr(n)|?, and a decreased delay 7r (1). Figures 9.18 and 9.19 illustrate
the achieved BER and detection probability over time. First, regarding the detection
probability, oscillations are observed with time owing to the finite accuracy for the
estimation of the delay at the radar function. Except for the RC structure, all other
simple, iterative, and dynamic receivers achieve a detection probability close to one,
thanks to the interference cancellation of the communication signal. Next, regarding
the BER, two cases can be distinguished:

m Until ¢ » 0.7 s, the RC, RCR, and dynamic RCR structures achieve a slightly
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Parameters Values
Bandwidth B =20 MHz
Chirp duration T =100 ps
Guard interval T, =5ps
Ratio Ep, /Ny Ey/Np =10 dB
Pulse number P =50
Symbols number L. =100
False alarm probability Ppa = 107*
Modulation QPSK
Zero-padding factor Zp=3
Vehicle Parameters Pr(0) = (30,0) m, v(n) =ov =15m/s
RSU parameters pc =(14,2.5) m

Table 9.5 Parameters of the scenario for Section 9.4.2.

Vehicular Scenario - Parameters
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Fig. 9.17 Parameters of the automotive scenario against time.
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Fig. 9.18 BER over time, with iterative and dynamic structures. The lowercase d in
the legend stands for dynamic structures.
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Fig. 9.19 Detection probability over time, with iterative and dynamic structures. The
lowercase d in the legend stands for dynamic structures.
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higher BER than the other structures, which is also higher than the one achieved
with the structure without any interference cancellation of the radar echo. At
low radar echo to communication signal power ratios, these structures are
hugely impacted by the communication signal when performing the first radar
and interference cancellation stage. The reconstruction and cancellation of the
radar echo is thus inefficient, leading to an increased interference level at the
communication function.

= For higher times, the performance of all structures are similar or better than the
performance of the CR structure. The radar echo power is still lower than the
communication signal, but it becomes sufficient to perform an efficient radar and
interference cancellation stage, even without suppressing the communication
signal beforehand. Thus, at such times, starting by the radar function is no
more detrimental.

Regarding the dynamic structures, on the one hand, the dynamic RCRC receiver
achieves the same radar and communication performance as the RCRC structure. The
first radar and interference cancellation stage of this structure has nearly no impact
on the last communication block, as shown by the CRC structure which achieves the
same performance. On the other hand, this is not the case with the dynamic CRC
structure. The performance observed with this structure are shifted in time compared
to the performance achieved by the CRC structure. This is a consequence of the
update step, which relates the efficiency of the previous to the actual time instant.
When the radar function performs well (resp. poorly), the estimation of the delay and
Doppler frequency at the next time instant is accurate (resp. inaccurate), leading to
good (resp. low) performance for the next transmission.

9.4.3 Summary

Leveraging on multiple successive transmissions in dynamic scenarios, the complexity
of R-iterative structures is reduced by replacing the first radar block by an update of
previous radar estimations, at the price of a slight performance reduction. One can
still improve the performance by using more complex tracking mechanisms, or by
enhancing the radar resolution.

9.5 Conclusion

Even with co-designed systems, the interference between the sensing and communi-
cation of two ISAC systems in full-duplex is still an issue. A first solution to overcome
this problem is the IC. Leveraging on the cooperation between both functions, sharing
their processing outputs may help the other function to reconstruct and suppress the
interfering signal.
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9.5.1 Summary of the Contributions
The contributions of this chapter are summarised as follows:

= The impact of the uplink communication signals (resp. radar echoes) on the
radar function (resp. communication function) has first been analysed mathe-
matically, for PC-FMCW or OFDM ISAC systems. It has been shown that the
communication interference on the radar function is inherently mitigated, as
its power is spread on the delay-Doppler map at the output of the receiver. Still,
the noise floor is increased, and the targets may be drawn in the interference.
Moreover, for the communication function, there is no inherent interference
mitigation mechanism.

m IC has been introduced at either the sensing or the communication function.
On the one hand, when the power of the uplink communication signals is
dominant, these signals are first processed, reconstructed and cancelled from
the input of the radar function. Accordingly, it has been shown that the detection
probability is drastically increased after cancellation. Moreover, the higher the
communication constellation index, the lower the performance at the radar
function, owing to the signal reconstruction errors. ECCs also help increase
the performance of both functions. On the other hand, when the power of the
radar echoes is dominant, they are processed, reconstructed, and cancelled from
the input of the communication function. In that case, it has been shown that
the achieved BER is highly dependent on the accuracy of the estimated radar
parameters, i.e. the Doppler frequencies and delays of the radar echoes. The
accuracy may be improved by transmitting longer payloads, at the price of a
higher sensitivity to the Doppler frequency, or by introducing zero-padding.

m [terative IC structures have been proposed. By iterating between both func-
tions, the proposed structures are robust against any scenario, at the price of
a high complexity. Among the proposed receivers, the best trade-off between
performance and complexity is achieved by the CRC structure, i.e. when the
communication is processed in a first stage, then the radar function, and finally
the communication function in a second stage.

= In order to reduce the complexity of the iterative receivers, dynamic scenarios
have been introduced, in which the system can leverage on the previous radar
estimation. Using that information, the delay and Doppler frequencies of the
radar echo at the next transmission is estimated beforehand. This enables
to remove the first radar block of the R-iterative structure, and reduce the
complexity of the system, at the price of a slight performance reduction.

9.5.2 Future Works

In dynamic scenarios, it has been proposed to leverage on the previous radar
measurements to predict the radar echoes parameters at the next transmission.
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Nevertheless, the approach may be generalised for the communication function as
well. If the other ISAC system is also tracked by the radar function, similarly to what
has been done with the radar echo, the C-iterative structure may also first be adapted
to reduce the complexity of this receiver.

Next, the tracking algorithm could be improved, as a simple linear uniform
movement has been supposed. For instance, variations of the Doppler frequency may
be predicted based on multiple previous measurements. Besides, extended Kalman
filtering seems to be a promising approach to better leverage on the past information.

Finally, IC schemes work well in simulation, but experimental measurements may
be carried out to assess the relevancy of such approach. Especially, the impact of the
clutter on the communication function has been neglected. This assumption may
hold if the uplink communication signals have non-zero Doppler frequencies, such
that it may be isolated from the other signals.

9.5.3 What is Next?

This chapter has investigated a first solution, namely the IC, against the inter-function
interference generated by two ISAC systems in full-duplex mode. Another solution
to tackle this problem with MIMO systems is the design of specific beamformers, to
isolate the signal of interest in the spatial domain. Nonetheless, the design may favour
one of the two functions. Even among the radar or communication function, some
users or targets may be emphasised. Therefore, the design of the objective function
for the optimisation problem is also critical. This is the topic of Chapter 10.
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This chapter is a joint work carried out with Guillaume Thiran, with equal contributions,
which I again thanks warmly. Most of the content is inspired from [De +24].

N Chapter 9, IC has been considered to improve the communication and sensing
I performance of single-antenna ISAC systems in full-duplex scenarios. With MIMO
systems, another way to tackle the interference issue, which may be complementary
to IC, is to perform beamforming, enabling isolation of the signals of interest in the
spatial domain. Nevertheless, the beamformers design must be based on a relevant
optimisation metric, defined specifically for the considered application. For instance,
in full-duplex ISAC scenarios, it should not favorise the sensing or communication
purpose, and not favorise any of the targets or UEs, except in a controlled manner if
priority is introduced, either w.r.t. the function, or the targets and UEs. This topic is
analysed in this chapter.

First, Section 10.1 summarises existing works in the design of JCAS beamformers.
Next, the system model is detailed in 10.2. Namely, expressions of the communica-
tion and radar SINRs are obtained in MIMO configurations for the PC-FMCW and
OFDM ISAC systems presented in Chapter 8. Moreover, a fair objective function is
proposed, to ensure that both functions achieve good performance. Then, solutions
of the optimisation problem are provided in Section 10.3 for different scenarios, and
numerical analyses are performed in Section 10.4.

10.1 Joint Communication and Sensing Beamform-
ing in the Literature

The JCAS beamforming has already been widely studied in the literature. For instance,
an uplink communication signal is received together with a radar echo in [Has+18;
HHA18]. The designed beamformers are able to nullify the interference between
both systems. Motivated by complexity reduction, [NWH22] and [Don+20] provide
suboptimal beamformers in a downlink scenarios, with a maximisation of the SINR
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of the radar links, constrained by the SINR of the communication links. In [Liu+21],
the radar CRB is minimised with SINR constraints on the UEs. The beamformers
are either obtained in closed-form in the single-user case, or the problem is relaxed
and solved with numerical methods for multi-user systems. The radar CRB is
also considered in [Zhu+23], and minimised under a communication sum-rate
constraint. In [Liu+23], an iterative algorithm optimises both the radar power and
communication rates, while ensuring a low self-interference in a full-duplex scenario.

In order to optimise the performance related to all communication users and
radar targets, one possible paradigm is to consider one metric as an objective with
the others set as constraints. This is the approach adopted by [NWH22; Liu+21;
Zhu+23]. Still, choosing adequate constraint thresholds is challenging and may
require multiple iterations to ensure sufficient performance for both functions.
Alternatively, a weighted-sum of the radar and communication objectives can be
performed [Liu+23]. However, such formulation might totally neglect one objective
in favour of the others. This issue is tackled in [Che+21], in which a fair optimisation
of the downlink radar and communication performance is performed. The proposed
approach nonetheless requires to solve a sequence of convex optimisation problems
and the computational burden this implies might be incompatible with the real-time
tracking mechanisms usually associated with radar beamforming schemes.

In summary, following the numerous works on the JCAS beamforming, a focus is
made in this chapter on a beamforming scheme which is able to fairly optimise the
transmit and receive beamformers in full-duplex multi-user multi-target scenarios,
detailed in Section 1.1.2 of Chapter 1. Moreover, the numerical complexity of the
proposed scheme should be controlled.

10.2 System Model

In this chapter, the full-duplex scenario detailed in Section 1.1.2 of Chapter 1 is
considered. The scenario is illustrated in Figure 10.1. The ISAC system of interest si-
multaneously receives radar echoes from K targets, and uplink communication signals
from Q ISAC systems. All the ISAC systems are equipped with N; and N; antennas
at the transmitter and receiver, respectively. As in Chapter 9, the self-interference is
again neglected, as its remains are supposed to be negligible compared to the power
of the uplink communication signals and radar echoes. Instead of performing IC,
leveraging on the MIMO configuration of the ISAC systems, beamforming is applied
at the ISAC transmitters and receivers. The beamformers at the transmission and
reception are respectively denoted as f and g.

296 |



System Model | 10.2

Full-Duplex MIMO Scenario
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Fig. 10.1 Full-duplex MIMO scenario, with beamformers fgr and fc at the transmitters,
and gp and g at the receivers.

10.2.1 Multiple-Antennas Channel Model

In Section 4.2 of Chapter 4, MIMO channel models for sensing and communication,
i.e. Boxes 4.1 and 4.2, are presented from the literature. Conveniently, when the noise
is neglected, they may both be rewritten in a matrix form as follows:

L
u(t) = Z oy eIt 5 ag s(t — 1), (10.1)
=1

where L is the number of radar targets or communication paths, and {a;, fp;, 7}
are complex coefficients, Doppler frequencies and delays associated with the radar
targets or communication paths. This corresponds to the MIMO channel impulse
response given in Box 10.1%, valid for both the sensing and communication function.
Denoting by N; and N; the number of transmitting and receiving antennas, the vector
s € CM are the transmitted signals at each transmitting antenna, and the vectors
ay € CM and a;; € CN are named the transmitter and receiver steering vectors.

10.1: MIMO Multi-Link Channel Model

L
h(t,7) = Z a &Pt ay all §(r - 1)

I=1

The steering vectors respectively contain the phase shifts associated with the
specific antenna index w.r.t. to given reference points at the transmitter and receiver.
For instance, in the far-field region, following Box 4.1, the steering vectors are given

IThe channel impulse response is also a function of the targets or scatterers absolute positions, or the
angles of departure and arrival in the far-field region of the antenna arrays. Still, it has been hidden in the
vectors ay; and a,; for the sake of readability.
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by
[atl]n — e]kptn COS¢tln, [arl]n — e—]kpm cos ¢rln’

where p,, with o € {t,r} is the distance between the I'" transmitting or receiving
antenna, and the reference point of the transmitting or receiving antenna array,
and ¢, is the angle between the vectors starting from the reference point of the
transmitting or receiving antenna array, and pointing to the centre of the I target
and the I transmitting antenna (resp. I receiving antenna). These quantities are
illustrated in Figure 4.1 of Chapter 4. For ULAs, taking the first antenna of the arrays
as reference point, it is further simplified as

— e]knA cos ¢y — e—]knA cos Py1
bl bl

[au]n [an]n

where A is the antenna spacing, and the angle ¢ is constant for each antenna array.
Equation 10.1 also works in the near-field region for radar links, or for communication
links without LoS components. Following Box 4.2, the steering vectors are obtained

as
[atl]n = ejkrln, [arl]n = e_',krl",

where ry,, are the distances between the n'! transmitting or receiving antennas and
the I target or obstacle.

Still, in order to obtain (10.1), it is assumed that the complex coefficients {¢;},
Doppler frequencies { fp;} and the delays {7;} does not vary significantly, whatever
the considered pair of antennas. This is a reasonable assumption in the far-field region
of the antenna arrays and the targets, but this is not always true in the near-field
region. This should be kept in mind when using this model and the results which will
be developed this chapter for near-field propagation.

10.2.2 Radar and Communication Processing

Following (10.1), supposing for simplicity flat fading channels for the communication
links, the received signal at the ISAC system of interest can be written as Box 10.2,
where the subscripts R and C refer to the radar and communication signals, and n is
the noise vector.

10.2: Multi-Antenna Full-Duplex Received Signal

K-1 0-1
u(t) = Z Rk efz”fDRktaRrkagtksR(t—rRk)+Z acqefz”ﬁ’c'?taeraIgtqscq(t—rcq)+n(t)
k=0 q=0
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It is assumed that the same signal is transmitted at all antennas, i.e.

sr(t) =frsp(t),  scq(t) =feq scq(t), V.

The signals sg and sc, are assumed to be PC-FMCW or OFDM ISAC waveforms.
Expressions of the SINRs for every target and communication signal are developed
for both waveforms in Appendices 10.A and 10.B. Note that, these developments may
be straightforwardly adapted to other waveforms.

In summary, whatever the adopted ISAC waveform, the SINRs of the radar targets
and communication signals can be written as

KRRkk ’fEaRth |g§aRIk|2

SINRgi = R
R K-1 £l 2| H 2 0-1 i 2\ H 2
TR b krrik [fraree|” |etare | + X Kcrgk [fogacg |gtiace|” +1
k' #k
2 2
H H
KCCqq |quath ‘gcqaer
SINRcq = o " . 5 . 2 ) )
2o kcCqq |fcq,ath« |gcqaerf + Xp5 Krekg [fRar] |gcqaRrk +1
q'#q

On the one hand, for the radar echoes, the interference comprises the echoes of the
other targets, and the communication signals. On the other hand, for the uplink
signals, the interference comprises the other communication signals, and the radar
echoes. Every term is pondered by a coefficient k, equal to the ratio between the power
of the considered quantity, excluding the beamforming gains, and the noise at the
receiver. Thus, they are equivalent to the SNRs of the useful and interfering signals.
One may therefore optimise the beamformers fg, g, {fcq}, and {gc,}, depending on
the criterion of interest.

10.2.3 Fair Integrated Sensing and Communication Metric

In order to design the Q + 1 beamforming vectors at the transmitters and receivers,
the product of the radar and communication SINRs [Bjo+14] is maximised:

K-1 0-1
M2 ﬂ SINRgy ]_[ SINR¢,. (10.2)
k=0 q=0

The optimisation problem to solve is thus written as

* * | _
fr. 8ro (£, 80} = max M
fR’gR’{fCl’gCl }

Ifrllz =1, llgrllz =1, (10.3)

Ifcillz = 1 [lgcgllz =1, ¥g=0,...0-1.
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‘ Parameters ‘ Values ‘
Antennas numbers Ni=N; =38
Targets angles Oro = 43°,0g; = —43°

k 0.1k
Coefficients x KRR =
0.1 1

Table 10.1 Parameters of the scenario for Section 10.2.3, with x > 0.

This problem is either solved for ISAC systems in tracking mode, or discrete codebook
design. Therefore, the parameters of the targets and communication systems are
supposed to be available for optimisation. The impact of a model mismatch on the
performance is briefly discussed in Section 10.4.1.

The proposed metric offers the advantage to fairly consider all targets and
communication users, since they all impact in the same manner the objective function.
Moreover, any low factor heavily penalises such a product. This consequently
prevents the targets and UEs with low SINRs to be set aside, without requiring to
arbitrarily define any weight or threshold. Additionally, at high SINR, it is equivalent
to a sum-rate maximisation [Liu+17].

In order to illustrate the benefits of the SINR-product metric, a sensing scenario
with two targets and no UE is defined, with parameters given in Table 10.1. The
antenna arrays of the transmitter and receiver are modelled as Uniform Linear Arrays
(ULAs). The targets are supposed to be in the far-field, such that the two steering
vectors can be written as

apyk = [1 e—]kA coS Orok o e—]kA(Nv—l) cos GRvk]T , (104)

with v € {t,r}, A the antenna spacing assumed to be equal to 1/2, and O,
the angle of departure/arrival of the k' target. The coefficient x in Table 10.1
models the path-loss ratio between the first and second radar target. A coeflicient x
lower than 1 means that the first target is in less favourable conditions than the second.

Figure 10.2 illustrates the Pareto-optimal SINR pairs (SINRgg, SINRg; ), as well
as the point selected by the SINR-product and sum metrics. As it can be observed,
the SINR-product metric always selects a Pareto-optimal point, and fairly considers
both targets, even if one suffers from severe channel degradation. In contrast, the
SINR-sum metric drastically favours the target with the best channel condition, at
the detriment of the other. As a result, the SINR-sum metric is extremely sensitive to
channel changes, as it can be observed by comparing the results with k = 0.99 and
k = 1.01. Whereas the Pareto frontier remains almost unmodified, the SINR of the
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Pareto Frontier and Selected SINRs
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—
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=
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= Kk =0.99 |
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e SINR product
m  SINR sum
\ \ \
-20 0 20

SINR radar target 1 (dB)

Fig. 10.2 Pareto frontier and selected point for the SINR-product and sum metrics,
in a scenario with two radar targets. The factor « is the ratio between the path loss of
the first radar target and the second.

targets jumps from around -23 dB to 18 dB.

10.3 Transmitters and Receivers Beamformers De-
sign

This section focuses on the development of beamformers for the ISAC transmitters
and receivers, with the SINR-product metric. The optimisation problem of (10.3) is
solved in Appendices 10.C to 10.F for different scenarios, i.e. with different numbers of
targets and UEs. For that extent, a dimensionality reduction approach is first detailed
in Section 10.3.1. It is helpful to reduce the complexity of scenarios in which large
antenna arrays are considered. Then, different solutions are summarised in Section
10.3.2.

10.3.1 Dimensionality Reduction

As shown in [Liu+21], the optimal beamforming vectors fgr and {fcq} (resp. gg
and {gc,}) belong to the spaces generated by the transmitters (resp. receivers)
steering vectors, named the steering spaces. Additional vectors, perpendicular to
the steering spaces, are also required, as the optimisation of the transmitted powers
is not included in (10.3). Thus, this allows solutions in which power is transmitted
in directions orthogonal to the steering spaces. Yet, it is possible to extend the
optimisation problem of (10.3) by introducing power constraints, such that these

| 301



| zog

K | Q | Assumption Solution Details Optimality | Complexity O (-)
f}: = agt, fé = act,
. acar: NN,
8r = ARr — = acy,
1 1 - Ny kg + NelNe - Global N
* _ e, — aI};IraCr NtNr a
gc Cr Nr K};Cl n NtNr Rr>
) 0 3 = Arap + (1—A) € arg {agy aro} apy | Grid search on (A, A;) Global N + M?
) *_ (@laget , [~ T T TS TS oS TS S oo — -y
8r = Ar apeo + (1= Ap) €/ B Ra™0T gy AMon (A, A;) Local N + S, log (M)
Krri'k = 0 AM on fg, Relaxed local S,N°®
<2 | <o| TRRME (10.11) and (10.12) W77777~13{7g9q7}7777777777«77775 777777
8cq = aciq AM on fg, {gcq} Relaxed local N +S;
£y, £5, € span {{apik}, {acu
K|o - Rolar =P Hanee}, {aculd AM Local N +S,M?
gR’ ng € Span {{aRrk} ) {aer}}

Table 10.2 Transmitters and receivers beamforming methods against the number of targets and users. For the sake of readability, the
normalisation constants of all beamformers have been omitted. Yet, they should be normalised to a unit norm. For the complexity analysis,
the maximum number of antennas is denoted N 2 max (N, N;). The letter M denotes the number of points selected to discretise the [0, 1]
interval. The numbers Si, So, S3 and S4 are the number of iterations performed in the alternating maximisation scheme, which depends on
the variables on which the alternation takes place, and the desired accuracy. The scaling of the complexity w.r.t. K and Q has not been
included in the table, as these numbers are expected to remain small w.r.t. the other quantities in practical scenarios.
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perpendicular vectors are not required. This is done in Guillaume Thiran’s PhD thesis.

Following this transformation, the optimal solutions can be written in the form

fr =Srdfr,  gr =Sifp.
fog =Scigfcq.  8cq =SiBc, Y4=0....0-1.

where fy € CK*1, {?Cq} € C? and g, {gcq} € CK*Q+1 The matrices Sy, {Sciq}, and
S, are defined as

A €L N X (K+1
Sre 2 [apo 0 ark-1 ag e CNx(K+),

A 1
Sctg = [ath ath]

A L
Sr - [aRrO Tt ARreK-1 a0 aAcrQ-1 A ]

c CNtXZ,

c CN;X(K+Q+1)'

The vectors ay, € CM, {al,} € C™, and a; € C™ are the vectors perpendicular to
the steering spaces, respectively generated by the matrices Sg;\{ag,}, {ac}, and
S;\{a; }. This formulation reduces the dimension of the vectors to optimise from N;
or N; elements to K + 1, 2, and K + Q + 1 elements, i.e. from the antennas spaces to
the steering spaces. In the scenario analysed in next sections, the two formulations
will be considered depending on the cases. Note that, for f to be normalised to a unit
power, the vector £ should be normalised to fg / ||SRtfR|| and similarly for the others
vectors.

10.3.2 Summary

Table 10.2 summarises the different scenarios, the associated beamforming schemes,
and their assumptions. The optimality and complexity of the solutions are also
provided. Based on that, methods can be selected depending on the number of radar
targets and UEs.

When there is only one target and UE, the optimal beamformers are obtained as
the Minimum Variance Distortionless Response (MVDR) solutions. These closed-form
solutions have the lowest complexity among all the methods, while being globally
optimal. For two radar targets and no UE, a global optimum can be found through
a 2D grid search. If this complexity is too high, either an Alternative Maximisation
(AM) on (A, A;) can be performed, or the method proposed for K < 2 and Q < 2 can
be applied in the steering space. For the other cases with K < 2 and Q < 2, the AM
method should be operated in the steering space, as it has a much lower complexity
than in the antenna space. Finally, the complexity of the AM proposed for general
K and Q makes it a relevant method only if K > 3 or Q > 3, owing to the lack of
analytical solution in these cases.
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10.3.3 Extension for Downlink Communication

The metric proposed in (10.2) can be extended to take into account downlink commu-
nication links. Similarly to the development proposed in Appendix 10.B, as there is
inter-function interference in the downlink, denoting by L the number of downlink
UEs, the SINR of the [ downlink UE would then be written as

SINRp; = kp; \fﬁlamzlz \ggaDrzf,

where kpy is a coefficient equal to the ratio between the power of the link excluding
the beamforming gains and the noise at the receiver, apy and ap,; are respectively
the transmitter and receiver steering vectors, and g, is the receiver beamformer
associated with the I™ downlink UE. These SINRs can be introduced in the product
metric to take into account these downlink UEs.

Since the SINRs of the downlink UEs involve the transmitter beamformer fg, the
methods proposed in Table 10.2 are still valid, considering K + L targets and downlink
UEs instead of K targets only. Yet, note that these UEs may already be handled if they
are considered as radar targets.

10.4 Numerical Analysis

In this section, multiple numerical analyses are performed in the different scenarios of
Section 10.3. As in Section 10.2.3, the antenna arrays of the transmitters and receivers
are modelled with ULAs, with the target and the UEs supposed to be in the far-field
region. The steering vectors are therefore written as in (10.4). The antenna spacing is
assumed to be equal to A = A/2. First, the impact of an angle mismatch on the metric
is investigated, in a one-target one-user scenario. Then, the performance obtained
with the full and Hermitian relaxations are analysed in a two-target no-user scenario.
Finally, the beam patterns obtained with the Hermitian relaxation are illustrated in a
two-target two-user scenario.

10.4.1 Impact of Angle Mismatch

Since the parameters of the scenario are assumed to be known beforehand, the impact
of a model mismatch is first analysed. Table 10.3 defines parameters for a scenario
with one target one UE. Assuming a mismatch € in the radar angle 6g, Figure 10.3
illustrates the impact of € on the metric. The higher the number of antennas, the
higher the sensitivity against the mismatch. Particularly large losses arise when
the mismatch is sufficiently large to deviate the target outside the mainlobe. In that
scenario, the mismatch does not affect significantly the communication SINR, owing
to the large difference between the target and user angles. In scenarios where the
radar target and communication user are close to each other, the mismatch is even
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Parameters Values ‘
Target angle Or = 43°
UE angle Oc = —43°
Radar coefficients x KRr = 1,kcr = 0.1
Comm. coeflicients ¥ | xkcc = 1,kpc = 0.1

Table 10.3 Parameters of the scenario for Section 10.4.1.

Radar Angle Mismatch

0 ————
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|
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o
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f — N=16
= =301 — N=32
—— N=64
—40 1 L

-100 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
Radar angle mismatch € (°)

Fig. 10.3 One-target one-user scenario — Impact of the radar angle mismatch on the
metric for different number of antennas Ny = N = N.

more detrimental, as it has a significant effect on the other function as well.

10.4.2 Performance of the Full and Hermitian Relaxations

Table 10.4 defines parameters for a sensing scenario with two radar targets and no
fga(9)| of the radar
transmitter, where a is the steering vector in the far-field region for a given angle 6,
and the vector fy is obtained through 2D grid search, AM with full relaxation, and
AM with Hermitian relaxation. All three solutions direct two mainlobes towards

UE. Figure 10.4 illustrates the beamforming gains Gg, (6) =

the targets. Both relaxations provide very similar solutions, whereas the optimal
solution increases slightly the power directed towards the target suffering the most
from interference. This enables to ensure fairness between both targets, achieving a
higher SINR-product.

In order to better compare the solutions, Figure 10.5 illustrates the performance
gaps between the metrics obtained with both relaxations and the optimal beamforming
vector, obtained through 2D grid search, for different noise powers. For low and
high noise-to-interference ratios, the relaxations tend to reach the optimal solution.
Between these extremes, a small loss in performance is observed, being reduced by
the Hermitian relaxation, at the price of a slightly higher complexity.
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Parameters ‘ Values ‘
Antennas numbers Ni=N; =38
Targets angles Oro = 12°, 0g; = 43°

1 0.5
Coefficients KRR =
RR [0.1 1 l

Table 10.4 Parameters of the scenario for Section 10.4.2.

Radar Transmitter
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Fig. 10.4 Two-target no-user sensing scenario — Beamforming gains of the radar
transmitter, obtained with 2D grid search, AM with full relaxation (Relax. 1), and AM
with Hermitian relaxation (Relax. 2).

Relaxation Performance Gaps
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Fig. 10.5 Two-target no-user sensing scenario — Performance gap between the 2D
grid search, AM with full relaxation (Relax. 1), and AM with Hermitian relaxation
(Relax. 2). The parameter k( corresponds to the initial values of kpp, defined in Table
10.4.
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Parameters Values
Targets angles Og = {12,43)
UEs angles Oc ={21,-67}°

Radar coefficients

=

1
0.1

0.5
» KCR =
1 CR

1 0.1
0.2 1

|

Comm. coefficients

0.2

KrRC =

0.1
1

|

0.5 0.5
0.1 0.1

|

1
Kcc =

Table 10.5 Parameters of the scenario for Section 10.4.3.

10.4.3 Beamformers in a Two-Target Two-User Scenario

Table 10.5 defines parameters for a scenario with two radar targets and UEs. Figure
10.6 illustrates the beamforming gains Gg, (6) = f{ga(0)|, Gg, (0) = gga(G)l, and
chq(e) = ggqa(9)|, of the radar transmitter, radar receiver, and communication

receivers, obtained through AM with full relaxation, AM with Hermitian relaxation,

and AM on fg, g and {8c,} in the steering space.

First, focusing on the radar transmitter, two mainlobes are directed in the direction
of the radar targets, while the sidelobes are allowed to send power in the direction of
the UEs. Indeed, the power transmitted towards the UEs is not penalised in the metric.
This is not the case for the radar receiver, as the communication signals interfere
with the radar function. Therefore, the power received from the UEs is minimised. In
contrary, for the communication receivers, this is the power of radar echoes which
is minimised, while the mainlobes are directed towards the UEs. These conclusions
are valid for the three optimisation schemes. Whereas the two relaxations gives very
similar results, the alternative optimisation on fr, gg and {gcq} in the steering space
shows some differences. Since the solutions obtained through the relaxations must
still be projected into the space of the rank-one matrices, the alternative optimisation
in the steering space achieves slightly better performance. Still, none of the methods
ensures to find a global optimum of the SINR-product metric.

10.5 Conclusion

IC has been proposed in Chapter 9 to handle the interference arising when multiple
ISAC systems are transmitting in full-duplex. When MIMO systems are considered,
another promising solution is to perform beamforming. In this chapter, numerous
works about the beamforming for JCAS scenarios have been summarised, highlighting
the lack of a fair solution with an acceptable computational complexity.
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Fig. 10.6 Two-target two-user scenario — Beamforming gains of the radar transmitter
(top), radar receiver (middle), and communication receivers (bottom). The beamform-
ers of the radar transmitter and receiver are synthesised either through AM with full
relaxation (Relax. 1), AM with Hermitian relaxation (Relax. 2), or AM on E'R, gr and
{&c q} in the steering space (Alt. search).
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10.5.1 Summary of the Contributions

The contributions of this chapter are summarised as follows:

= Analytical expressions of the SINRs associated with each target and UEs have
then been developed for MIMO PC-FMCW and OFDM ISAC systems. Lever-
aging on that, a fair and threshold-free objective function has been proposed
for the optimisation, namely the product of the SINRs of the targets and UEs.
Such metric has shown to ensure fairness, as the performance of every target
and UE impacts similarly the metric, and any low factor heavily reduces the
product. Moreover, the obtained solution is robust against channel changes, in
contrary to SINR-sum metrics.

= Based on the SINR-product metric, numerous scenarios have been considered,
in which the number of targets or UEs varies. The different solutions which
have been obtained vary in optimality, complexity, and required assumptions.
For instance, the higher is the number of targets and UEs, the higher is the
complexity of the proposed scheme. Yet, when the number of targets or UEs are
lower or equal to 2, the proposed schemes provide lower complexities compared
to the AM method in the steering space, which is the only solution left for
the other scenarios. Though, for two-target two-user scenarios, the original
problem must be relaxed, leading to sub-optimal, but still satisfactory solutions.

= Numerous numerical analyses have been performed. Firstly, the impact of an
angle mismatch has been evaluated, to investigate the impact of tracking errors
and codebook discretisation. It has shown that, as expected, the higher the
number of antennas, the higher the sensitivity w.r.t. the mismatch. Secondly, the
performance of the relaxations have been analysed, showing small discrepancies
with the optimal solution. Thirdly, the optimal beamformers obtained in a two-
target two-user scenarios have been illustrated. As expected, it is observed
that the radar (resp. communication) function tries to nullify the power of the
uplink communication signals (resp. radar echoes).

10.5.2 Future Works

The need of a fair optimisation objective metric has been highlighted throughout this
chapter. However, depending on the application, it may be interesting to be able to
prioritise the sensing or communication function. Priority among the targets and
UEs may even be considered. Thus, further research may first analyse how to extend
the SINR-product metric to add such capability. This should be carried out, while
keeping an acceptable complexity. Otherwise, the other metrics of the literature may
be considered again.

Then, another weakness is the limitation on the number of targets, downlink and
uplink UEs. Further investigations should be carried out to extend the proposed solu-
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tions to more general scenarios. One way to handle this problem would be to consider
different information streams for downlink UEs, sent with different beamformers,
such that the downlink information streams would be decoupled from uplink echoes.
Additionally, the radar receiver may process separately each radar target, instead of
processing all the targets jointly.

10.5.3 What is Next?

This chapter concludes the third and final part of this PhD thesis. Two solutions,
namely the IC and beamforming, have been proposed to mitigate the interference issue
in full-duplex ISAC scenarios. For that purpose, PC-FMCW and OFDM ISAC systems
have been considered. Both the IC and beamforming are promising to improve both
the sensing and communication performance.
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Appendix - Chapter 10

10.A  Radar Processing

Both for the PC-FMCW and the OFDM waveform, following the processing detailed
in Sections 8.1.3.1 and 8.2.2 of Chapter 8, neglecting the noise (and the ICI for the
OFDM waveform), one obtains from (8.3) and (8.6) the following radar output:

K-1
H 2z pore T 2% Brpn
z(p,n) = Z YRRE aRrkaRtkfR o) P JorkTerip o R BTk
k=0
0-1
H 4 2z firca T 2% Bregn
+ Z YCRg aerathqu IC,p,n el P focqg CRIp o) § Bregn.
=0

where y, with v € {RR, CR} are complex coefficients, iC,p,n represent the impact of
the communication symbols of the uplink communication signals, after they have
not been well compensated, Tcpy is the coherent processing interval, and B is the
waveform bandwidth. After applying a 2D-DFT, one obtains

K-1
Z(f,r) = Z Yrrk arekagg R Xrre ( (f = fork) Tepr (7 — tre) B)
k=0
0-1
+ Z YCRq achalétquq Icpn Xch( (f - fDCq) Tepr, (7 - TCq) B),
q=0

where ygpr and ycr are respectively the ambiguity function of the radar echo, and the
cross-ambiguity between the communication signal and the radar waveform.

One may finally combine the signals of all antennas with the beamforming vector
gg- This leads to the following SINR for the k' target at the radar function:

KRRk [fR aRtk|2 \ggamkr

SINRgi =
R Igri + Icri + 1

where Iggy is the interference from the ambiguity function of the other targets on the

| 311



10 | Fair Beamforming for Integrated Sensing and Communication
Systems

cell of the target of interest:

K-1

2
Irpk = E krrik |fr @ik | |gk e
k'=0
Kk

|2

5

and Icgrg is the interference from the communication signals on the cell of the target

of interest:
-1

2
lgkiacrd| -

Icrk = KCRqk |fgqath
q:
The coefficients k contains the impact of the complex coefficients, ambiguity functions
and noise on the SINR:

X o1 lree ([fore — fore] Tepr (rer — Tre) B)|2
krrirk = E [lyrel?] > ,

ORr
. - Teps (tco — ) B)|°
kcrge 2 E [lycql?]| B [Hcpnl?] e [focy fDRk(]jz ) )|,
R

where o2 is the noise power at the output of the radar function. If the condition of
(9.2) is also fulfilled, then E [|Ic .4[?] = 1.

10.B Communication Processing

The communication processing is quite different for PC-FMCW and OFDM systems.
Moreover, contrariwise to the radar processing, each communication signal is handled
separately, the other signals being considered as interference, similarly to the radar
echoes. Still, similar expressions of the communication SINRs can be obtained.

PC-FMCW ISAC: Following the processing detailed in Section 8.1.3.2 of Chapter
8, based on (8.4), the signal obtained after timing synchronisation and dechirping

channel is computed as

N-1
F t— TLTC
Yq (P, t) = ﬁCCpq aeraIgtquq ejancht E ICq,p,n IT ( )

n=0 TC
Q-1 N-1 ~
; t — Tcgrg — Nl
H 2 rt 94
+ Z ﬂCCpq’ aCrg’ ath,qu, e’ 7 focq Z ICq',p,n II (—T
q/:O n=0 C
q'#q
K-1 N-1 ~
; t — Trig — N1c
H 2 t q
+ Z ﬁRCpk aRrkaRtkfR el 7 fork Z IR,p,n I (T— s
k=0 n=0 C
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where f, with v € {CC,RC} are complex coefficients, wa with w € {R,C} are
frequencies containing the Doppler frequencies of the links, the carrier frequency
offsets between the different ISAC systems, and the beat frequencies generated by
the dechirping?, I,, are the communication symbols from all the ISAC systems, and
T = Ty — Tcq are the delays of the links, w.r.t. the time reference obtained from the
timing synchronisation algorithm. Focusing on the ¢ signal, after sampling, carrier
frequency estimation and correction, and matched filtering, one obtains

zq(p,m) = Beepg aeraEItquq Xccqq(p, m)
0-1

H
+ Z ﬁCCpq’ aer/ath,qu/ [4
q'=0
q'#q
N (foe—soca)
H J27| fork — focq |t
+ Z Brepk arckag, fr e Y Xrckq(psm),
k=0

2 £ ’— i
J ”(fDLq _f]E)Cq)t XCCq’q(p, m)

where the functions y, with v € {CC,RC} are defined as

N-1 .
(m - n)Tc — Tcq
CC’(:m): IC’,, EHA(— 5
Xccqq\p ; q.p.n T
N-1 .
(m—-n)Tc — Tk
XRCkq(psm) = IRpn En A(T—R ,
n=0 C

with Epy the energy of the pulse shaping filter. Note that, for the g™ signal, one obtains

N-1

XCqu(P, m) = Z ICq’,p,n A (m - n) = ICq’,p,m EH.
n=0

The signals of all antennas may finally be combined with the beamforming vector
8cq- This leads to the following SINR for the g™ uplink signal at the communication

function: )

2
H
‘gcq aer

ICCq + IRCq +1

1
Kccqq ‘quath

SINRcy = (10.5)
where Iccy is the interference from the matched filtering of the other communication

signals:
0-1

2 2
H H
ICC‘] = Z Kccq'q |qu’ath’ ‘gcqaer’ s
q'=0
q'#q

2For the communication signal of interest, the beat frequency generated by the dechirping is equal to
zero if the timing synchronisation is perfect.
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and Ircy is the interference from the matched filtering of the radar echoes:

K-1

H 2| H
Irck = Z KRCkq |fR aRtk\ ‘gcqaRrk
k=0

2

The coefficients k contains the impact of the complex coefficients, matched filters,
and noise on the SINR:

B xccqq(p.mf |

keeqq = E [IBecpq ] 2
Cq
E [\XRqu(P, m)iz]
krckg 2 E [|Breprl’] p :
Cq

OFDM ISAC: Following the processing detailed in Section 8.2.1 of Chapter 8, based
on (8.5) with negligible ICI, the signal obtained after the DFT operation is computed
as

H 2 T -y
Yq(p.m) = focg ¢ (foqT) acrgacygfeq e Ieq.pm
0-1
H J27 focq Torip
+ Z ﬁCCq' ACrqg'Acyy qu’ € 4 XCCq’q(p> m)
q'=0
q'#q
K-1
H 2 Ti
+ Z Brek arckag: fr e/ 2 ORETRE o0 (p, m),
k=0

where the functions y, with v € {CC,RC} are defined as

| N i NM-1 1L 4 Top — o
LLE I 2 S T—
Xccqq(psm) = N Icqpn e T0" E e/ N (mfocg T=m)l 1 MNT—q )
n=0 1=0 PRI
N-1 NM-1 T ~
1 o 2 _ I3t + Tep — TRk
XRqu(P: m) £ — I pn o) T TRkn § o) Nt (nforkT—m)L 1 | _MN
N = = Tprr

Note that the rectangular functions have been kept in the definitions of the functions
Xo» as there is no guarantee that the delays of the interfering signals are smaller
than the cyclic prefix duration. In these equations, the quantities 3, are complex
coefficients, fp,, with w € {R, C} are frequencies containing the Doppler frequencies
of the links, and the carrier frequency offsets between the different ISAC systems, I,,
are the communication symbols from all the ISAC systems, and 7,, are the delays
of the links, w.r.t. the time reference obtained from the timing synchronisation
algorithm. If perfect synchronisation is achieved, 7,, = 7, — 7cq and 7cgq = 0.
Nevertheless, with the Schmidl & Cox algorithm, one may start the processing in a
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window of duration Tcp before the start of communication signal of interest.

The signals of all antennas may finally be combined with the beamforming vector
8cq- This leads to the following SINR for the g™ uplink signal at the communication

function: ,

2
H
‘ng aer

ICCq + IRCq +1

H
Kceqq |qu3th

SINRc, = (10.6)

where Iccq is the interference from the matched filtering of the other communication

signals:
0-1
Iecq = fil g i
CCq = Kceqq |teqacty| (BegdCrq| »
q'=0
q'#q

and Ircq is the interference from the matched filtering of the radar echoes:

K-1 9

H 2| H
Irck = Z KRCkq |fR aRtk| |gcqaRrk
k=0

The coefficients k contains the impact of the complex coefficients, DFTs of other
signals, and noise on the SINR:

B {[xceqq(p. |

Keeqq 2 B [|Bocy 1] 5
Cq
) E [|XRqu(Ps m)|2]
Krckg = B [Ifrekl’] > ,
Cq

Note that, for the communication signal of interest,

N-1
1 2 -
)(Cqu(Ps m) = N Z IC,q,p,n e’ NM(n+fDCqT m)l = g(fDqT) ICq,p,m-
n=0

The SINR of (10.6) obtained for the OFDM ISAC system is identical to the SINR of
(10.5) obtained for the PC-FMCW ISAC system. The only difference is the definition
of the weights k, with v € {CC,RC}, which should be adapted depending on the
considered waveform.
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10.C One-Target One-User Scenario

With one target and one UE, discarding the indices k = 0 and g = 0 for readability,
the objective metric of (10.2) can be rewritten as
|2

e [fan | Jgflan]’  Kec|ffac’[gffaci

" ker [tHac|” |gtac|” + 1 xre [fard” [gar]” +1
lghar,| lgttac|
; o
| ar|

(10.7)

KCrR |gEaCr + ﬁ KRC Iggam
| fact |

Focusing first on the beamforming vectors of the transmitters fg and fc, the metric is

only increasing with |fgaCt| and |fgaRt|. Therefore, the optimal beamformers for the

transmitters are computed as

ARt act

Interestingly, this shows that, even when the interference of the other func-
tion is taken into account, the steering vectors at the transmitters, the optimal
beamforming vectors are aligned with the transmitters, as in the interference-free case.

Plugging the optimal beamforming vectors into (10.7), one obtains

M« IgEaerz i |gga&|2 :
Kcr NVt |ggaCr| +1 KreNt iglgaRr| +1
gr arran gr geacrag, gc

= , (10.8)
gg (KCRNt aCragr + INr) gr gI(_:I (KRCNt aRraEr + INr) gc

where the matrix Iy is the identity matrix of size N X N. The above shows that the
radar and communication optimisation problems are decoupled, as two independent
Rayleigh quotients. The optimisation of Rayleigh quotient is a well-known problem,
which is written as
- xHAx
x* =arg max ——,
EeeN  XBx
with A,B € CV*N and A > 0,B > 0. As the matrix B is positive semi-definite, it may
be decomposed following the Cholesky decomposition as B = L L. Thus, the problem
can be rewritten as
oy KLHAL %
X* =argmax —————

%eCN *Hx

>

and the solution x* is then computed as x* = L™'x*. For such problem, the optimal
vector is the principal eigenvector of the matrix L"HAL™! [Den09, Lemma 8.4.3],
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denoted here by the operator eigvec:
x* =L~} eigvec {L_HAL_l} .

This can be further developed if the matrix A is a rank-one matrix, i.e. A = aa'l, with
a € CN. In this case,

H
x* = L eigvec {L—Ha (L‘Ha) } «L 'L Ha =B la. (10.9)

This solution is also named the MVDR beamforming vectors [NWH22]. Applied to
(10.8), it gives

gr = U (K N;acal +1 )_la =R |a —r]&a
R = HR |KcrN: acrag, + Iy, Rr = HR |aRr L4 NN, cr s

gi=u (K N apeall +1 )_la =yuc |a —n*&a
C C | RRCIVt dRrdpRy N; Cr C Cr Klzcl'*NtNr Rr | >

where the coefficients y, with v € {R, C} are normalisation factors, and y = agraR]r /Ny
is the correlation between the radar and communication steering vectors. This shows
that the optimal receivers beamforming vectors are aligned with their receivers
steering vectors, plus a skewing depending on the level of interference, noise, and
correlation between the steering vectors of both functions.

10.D Two-Target No-User (Sensing) Scenario

In the sensing scenario with two targets and no UE, the objective metric of (10.2) can
be rewritten similarly to the one-target one-user scenario as

KRR00 IfEamolz \gﬁ‘amolz KRR11 IfEaRUIZ IgEaRﬂIZ

KRR10 IfEaRu!z IgEaRHIZ + 1 Krro1 IanRmIZ Iggamlz +1
1 1
& (KRRm + ﬁ) (KRR01 + H i 2 . (10.10)
[freana” gR ana] [frearol” e areol

Owing to the symmetry of the metric in this scenario, the solution is found the same
way for the beamforming vector of the transmitter and receiver. Following Section
10.3.1, the optimal beamforming vectors can be written in the steering vectors space
as

1 At areo + (1= Ay) €% apy

R~ — ’
VN \//13 + (1= A2 +24(1 = A) Re {e~7% i}
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1 Ar agrro + (1 - )Lr) e']¢'r aARr1

VN \/AE + (1= A)2 +24(1 = A;) Re {e~% y,}

g =

where A, € [0, 1] and ¢, with v € {t,r} are two weights and phases to compute, and
Yo = agvlaRuo /Ny are the correlation between the steering vectors of the two targets.

Let us focus the developments on the beamforming vector of the transmitter,
as it is identical for the beamforming vector of the receiver. First, developing the
beamforming gains, one obtains

A2+ (1= 202yl + 220(1 = A) Re {e ™9 1}
A2+ (1= )% +22(1 — &) Re {e77 91}
22pl? + (1= A2 +24¢(1 — &) Re {e 7%t 11}
A2+ (1= 202 +24(1— X) Re {e—m Yr}

|f];,zHa-R1r0|2 =N

ifﬁHaRtliz =N,

In both cases, to find the optimal phase ¢, it may be noticed that these quantities can
be rewritten as the following function:

,  with ey < ¢y

fx) =

Co+Xx
c1+x

As this function is an increasing function of x, maximising (10.10) is equivalent to
maximise x w.r.t. ¢;, which is achieved when ¢, = arg{y;}. This leads to

_ 1 At aRry + (1 — At) e]arg{)’t} ap
R T bl
VN 32 4 (1= A2 + 21 = D)l
g 1 Arape+ (1—A,) /28l ap
N VN A2+ (1= )2 + 24 (1= )yl

There is no closed form solution for A, with v € {t,r}. Nevertheless, A, is com-
prised in [0, 1], and it can be shown that the optimisation of —log M w.r.t. A, or A is
a convex problem. Still focusing on the beamforming vector of the transmitter, the
logarithm of (10.10) is developed as

1
- lOgM = C(gﬁ) + lOg (KRRIO ig;{Haeriz + ﬁ)
|fﬁ aRt1|

1
o (KRROI g3 ar|” + ﬁ)
|f§ aRtO|
1 A+ (1= 22+ 20(1 = 2) |yl
N A2yl + (1= A2 + 2A4:(1 = Ao |yl

=C(g}) +log (KRR10 |g§HaR,1|2 +
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1 B+ (1 -2+ 2401 - ) pl )
Ne A2+ (1= 22 |pel? + 22 (1 = A) Iyl
1 1-|p? A

=C(g}) +log | x *Harz+_+ t
0 g( S S BT TE

*H 2
+log (KRROI |gR aRr0| +

1 1—|pl? (1-2)?
1 *H 2 _
T (KRR“ O I v Ay W BRI
_ G(gh) + log | RN g ana|” + 1 N A
B o8 1= nf? (1= (1 DAL
+1 Krro1 Ve |g§HaRr0|2 +1 + (1-2)?
1-|pl? [1-(1-Inrh(1-201*)
Let us define the function 4 as
x2
h(x) = log (co + —(1 — c1x)2), co =1, ¢ €[0,1].

The function h is convex if the sign of its second derivative is always positive.
Additionally, if A(x) is convex, then h(1—x) is also convex. As both therms depending
on A can be rewritten in the form of h(x) or A(1 — x), analysing the convexity of
h is sufficient to ensure that the optimisation of A; is a convex problem. The same
reasoning can be applied to A;.

The second derivative of h is computed as

x%(2c1x — 1) + co(e1x — 1)2(2¢1x + 1)
(1= c1x)?[x? + co(c1x — 1)2]2

d2
@h(x) =2

The denominator of this function is always positive. The numerator can be developed
as

x*(2c1x — 1) + co(erx — 1)2(2c1x + 1) = 2¢1 (1 + cocd)x” — (1 + 3coc)x® + ¢
=cp(263x® = 3c2x% + 1) + 20;x° — x?
=co(e1x — 1)3(2c1x + 1) + x2(2¢1x — 1)

(c1x — 1)?(2c1x + 1) + x%(2¢1x — 1),

\%

where the equality is achieved when ¢y = 1. Thus, one may study the sign of the
function h defined as

h(x) £ 2¢;(1+¢)x® — (1 +3¢2)x + co.

Using the Descartes’ rule of signs [Cur18], there is 0 or 2 roots such that x > 0, and
one 1 root such that x < 0. Additionally, A(0) = 1 and h’(0) = 0. This implies that the
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next minimum X, of / is larger than 0. Looking at the position of this minimum,
the first derivative of h is computed as

2
1+3c] )

d -~
SR = 6e1(1+ D" = 21+ 3¢])x = 6erx(1+¢)) (x T3a(1+c)

giving the following root:
1+3c}

- 3c1(1+cf)'

Xmin

The function h is always positive either if xu;, > 1 and fz(l) > 0, or if xpmip < 1 and
h(xmin) = 0. When xpi, > 1,

c1 < 0.4425 = h(1) = ¢;(2¢? — 3¢, +2) > 0.
When xpin < 1,

0.4425 = h(xmin) = 1 (1+3¢))°
c1 > 0. = Xmin) =1 — —MM
! m 27¢3(1 + ¢)?

This implies that the function his always positive, and therefore that the optimisation
of —log M w.r.t. A or A, is a convex problem.

In summary, since the optimisation of —log M w.r.t. A or A, is a convex problem,
one may perform an alternating maximisation on A; and A; to find a local extremum.
To find the unique optimum at each step, efficients methods such as golden-section
search [Kie53] can be employed, with a complexity in O (log M) where M is the
number of points in the interval [0, 1].

10.E Two-Target Two-User Scenario

When there is two targets and two UEs in the considered scenario, for the sake of
tractability, two assumptions are considered:

1. the radar waveform is designed such that the targets do not interfere with each
other in the delay-Doppler map, i.e. kgrx'x = 0 for k # k’. This is a reasonable
assumption for well-designed radar waveforms, and targets far away in the
delay-Doppler map.

2. For the beamforming vectors of the UEs transmittesr, an uncoordinated design
has to be carried out, as they are not collocated with the ISAC system under
study. Therefore, each UE optimises the transmitted power in the direction of
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the ISAC system by setting

1
qu =——acy Vq9=0,..,0-1

VN;
Thus, it remains to design the beamforming vectors fg, gg, and {g¢,}.

With the two assumptions above, the metric of (10.2) can be rewritten in the form

of

KRROO |f£IaRto|2 Iggamf KRR11 |f§am1|2 |gEaRn|2

2 -1 2
2(1]:0 KcrgoNe |g£laer| +1 ZqQ=0 Kcrg1 Nt |gII_{Iaer| +1

KkccooNy |ggOaCro|Z

kcc1oNe |glgoacn|2 + Zfz_ol KRCko |f§IaRtk|2 Ig&amklz +1

kcc1 Ve Ig&acnlz

) 2 K- 2 2 :
Kcco1 Nt |gglacm| +2 k:()l KRCk1 IfEaRtkI |glglaRrk| +1
For the optimisation of fg, using [Den09, Fact 7.4.9], one obtains

IfEaRmIZ
kce1o M |gf;‘0acn|2 + Y1y Krcko |f11iIaRtk\2 |gf;‘0aRrk|2 +1

[z

M x

— 2
kccor Nt IgglaCrolz + Xp5 krekr [fi ar] ’gglaRrk|2 +1
~ £} Arifrfy Brifr tr {frfy Arcfrfy Bre} _ vec{Fr}" (A}, ® Bri) vec{Fg}
fCR frfyDrfr  tr {frfaCrfrfyDre}  vec{Fr}! (Cp, ® Dri) vec{Fg}’

where the Hermitian matrices Ag;, Bre, Cre, Dre € CV*M are defined as

1>

H H
Agy ARt0 ARy(» By = ARt1ARyqs
K-1
H 2 H H 2
Cre = Z KrCko |8CoRek| aRtkARy + (chmNt lecoacn| + 1) In,s
k=0
K-1
N H 2 H H 2
Dg; = Z Krk1 |80 arek| artkany + (chmNt |t acro| + 1) In,.
k=0

The same is obtained for the optimisation of gg:

|gHags| |gtap|’

2 1 2
Z}Fo KcrqoNt |ghlace|” +1 quzo Kerg1 Nt |ghlace|” +1
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 ERARERERBregr  tr {grE8} AnigrEiBre}  vec{Gr}" (A}, ® Br,) vec{Gr}
BrCre8rE8R Dri8r 1T {8r8HCrigr8i Dre}  vec{Gr}H (Cy, ® Dr,) vec{Gr}’

with the Hermitian matrices Ay, Bry, Cry, Drr € CNXMNr defined as

H H
Ap, = ARr0AR (> Bg, = ARr1aAR, 5
1 K-10-1
H H
Cp = Z KcrqoNt acrqacy + 1IN, Dre = Z Z Kcrq1Ne acrqac,g + In;-
q=0 k=0 q=0

Finally, for the optimisation of {g,}, one obtains

H 2
gt acrol

M H 2 K-1 2| H 2
kcc1oNe Igcoacn| + Xk—o KRCKO |f{1gaRtk| |gcoaRrk| +1

|ggl aCrl‘z

' H 2 K-1 H 2|, H 2
kccorNe gt ace|” + 2rs, krckr [frare|” gl aree| + 1
H H
_ BooAcrogeo 8ciAcries

ggOBCYOgCO glngCrlgCl |

with the matrices {Acrq}, {Bcrg) € CNXNre defined as

H
Aer = ACrqAcyg

K-1
Berg = kocaaNe acrgral | + K |fHa |2a all +1
Crqg = RCCq'q Nt 4Crq’ ACrq RCkq [IRr 4Rtk Rrk Aprk N;s
k=0

where ¢ = 1 (resp. ¢ = 0) when g = 0 (resp. ¢ = 1). The optimisations of
the beamforming vectors of the communication receivers are decoupled. Thus, the
optimal beamformers are obtained by maximising Rayleigh quotients. Following
(10.9), the solutions are given by

g¢, = Hog Boigacy, Vg =01, (10.11)

where the coefficients {4} are normalisation factors.

In summary, for both radar beamformers, the following problem must be solved:

vec{X} (A* ® B) vec{X}

vec{X}H(C* ® D)vec{X}

st. X=X, (10.12)
X=>o,

rank(X) = 1.

X*= arg max
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The optimal beamformer x* is then obtained as X* = x*x*!. Note that this approach

also works for less than two targets and UEs. However, the constraint set is non convex.
Thus, obtaining a solution is challenging. To overcome this issue, two relaxations are
proposed. First, all the constraints of (10.12) are relaxed in Section 10.E.1. Then, a
symmetry constraint is introduced in Section 10.E.2 to improve the relaxation. Finally,
once the vectors f} and g are computed, one obtains the optimal beamformers for the

communication receivers { géq} using (10.11). AM between the optimal beamformers

£z and { géq} is then performed until a local extremum is reached.

10.E.1 Full Relaxation

When all the constraints of (10.12) are relaxed, the optimal matrix X* can be rewritten
as X = xzx?, with x;, x, € CN, Using again [Den09, Fact 7.4.9], the objective function
of (10.12), one obtains

xAx; xJBx, _tr {x:x1Ax;x}'B} _ vec{X} (A* ® B) vec{X}
xlexxiDx,  tr {xx!'Cx;x!'D}  vec{X}H(C" ® D)vec{X}

Therefore, the vectors x; and x, can be optimised independently:

. xHAx . x'Bx
X] = argmax —g——, X; = argmax —g—.
x xHCx x  x"Dx

This is the optimisation of two Rayleigh quotients, for which the solutions are com-
puted following (10.9):
x} o« Cla, x5 «« D7'h,

where the vectors a and b are defined such that A = aa'l, B = bb". The optimal
matrix X* is finally given by

X* xg‘x’fH =D 'baflcH.

Nevertheless, even if the matrix X* is rank-one, it is neither Hermitian, nor positive
definite. To find the optimal beamforming vector, the closest admissible solution is
selected, as the projection of X* on the set

Sé{Xz{xxH|§€C,XGCN,||X||2=1}.

Thus, the final beamforming vector x* is obtained by minimising the following
Frobenius norm:
. 2
x* = argmlgn [[x* - ¢ xx"||C.
X,
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This norm can be developed as

||X* _ §xxH||; =tr {(X* - gxxH)H (X* - §xxH)}
=tr {X*HX* — ¢ XMxxt - xxPIX* + 171}
= 7% + tr {X*IX*} - 2Re {¢* x"X*x} .
To maximise the Frobenius norm, the phase of ¢ should be choosen such that
arg {{} = arg {X*HX*X*} .
Finally, knowing that X* o« x}x}*!, the optimal x* is obtained as

x* = arg min |x"'X*x| = arg min [x"'x}| [x"'x}]. (10.13)
. ¢ X

Thus, the solution may span in the space of the vectors x} and x;. Owing to the
symmetry of the problem, following the similar developments in Section 10.D, the
optimal beamforming vector x* is obtained as

* *
X H X
x* = p (05—t +0.5/usx) _—Z_ )
I3l %5 1l2

where the coefficient p is a normalisation factor.

10.E.2 Hermitian Relaxation

When considering the Hermitian constraint only, two operators and matrices must
be defined for the following developments:

m The complex vectorisation operator vecc is defined as

2
vece : CNXN _, RANXL .|

vec{Re {E}}]
vec{Im{E}}| "

The inverse operator is denoted as Vecél.

u The complex half-vectorisation operator veche : CN*N — RN*X1 js defined for
Hermitian matrices similarly as the complex vectorisation operator, except for
the duplicate entries, which are discarded. In other words, given a matrix E €
CN*N vechc{E} is the vector of size N? x 1, whose first N(N + 1)/2 elements
are the stacked columns of the upper triangular part of Re {E}, including the
diagonal. The last N(N — 1)/2 elements are the stacked columns of the upper
triangular part of Im {E}.
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= The complex duplication matrix T € R*N *XN* is the unique matrix fulfilling

T vechc{E} = vecc{E},

for any Hermitian matrix E € CN*N,

» Given a matrix E € CV*N | the matrix Mg € R*V*2N s defined as
. |[Re{E} -Im{E}
Mg = .
Im{E} Re{E}
As an illustration, let us consider the 2X2 matrix

ar+ja; b, + jb;
cr+Jjei  dp +jd;

B

where a,, b, ¢, dy, a;, b, c;, d; € R. First, the associated 4x4 matrix My is given by

)
£
=
S

|
8

|
S

o
K
QL
£

|
S

|
&

Mg =
E a; bi a, br
¢ di ¢ d
Let us now assume that a; = 0,d; =0, b, = ¢, and b; = —c;, such that the matrix E is

Hermitian. Aplying the complex vectorisation and half-vectorisation operators, one
obtains

vece{BY = [a, by ¢ dr a b o di]
—la b —b, d 0 b —b o0,
veche{E} = [a, b, d bi]'

Finally, the unique duplication matrix T for 2X2 matrices is given by

T
10 0 0 0O O O O
T = 01 -10 00 0 O
100 0 100 0 0
00 0 0 O0 1 -1 0
Instead of optimising all the elements of X € CV*N  since the matrix X must be

Hermitian, one may optimise the vector X € RVN"*! defined as % 2 vechc{X}. Using
the complex duplication matrix, it follows that

vecc{vec{X}} = vecc{X} = T vechc{X} = Tx. (10.14)
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In order to rewrite the objective function of (10.12) as a function of x, one may
first develop the product viIXv, for a vector v = v, + jv; € CN*! and a matrix
E =E, + JE; € CM*N with v,,v; € RN*! and E,, E; € RV*N:
viEv = (VZ - JV,-T) (Er + JE:) (v + Vi)
= vEErv, + v;rE,vi — VIE,-VI- + v;rEiv,

+7J (v}Eivr + V;-rEiVi - ]viTE,vr + ]VIE,«VI') .

If the matrix E is Hermitian, then E, = E?, and E; = —EiT. Thus,

VIEiV,- = (sziv,)T =3 vaivr = —vaivr = VEEin =0,

VI-TXiVi = (viTE,AVi)T S ViTEivi = —VI-TEl-Vi = viTEivr =0,

VEXVV,' = (VEE,«V,')T = viTE,v,,
leading finally to

viEy = VEErvr + v;rErvi - V;rEivi + V?Eivr = vecc{v}IMg vecc{v}.  (10.15)

Inserting (10.14) and (10.15) into the objective function of (10.12), one obtains

vec{X}" (A* ® B) vec{X} B vecc{vec{X}} Ma+gp vecc{vec{X}}
vec{X}H(C* ® D)vec{X}  vecc{vec{X}}H Mc:gp vecc{vec{X}}
%'TT Myigp TX

%'TT Mcrgp TX

In summary, when keeping only the Hermitian constraint, the optimisation prob-
lem of (10.12) is rewritten as

oy %'TT My g TX
X = arg max ~TT—~’
xeRN? X T" Mcrgp TX

and the optimal Hermitian matrix X* is obtained by computing X* = vec;'{Tx*}.
Still, the obtained matrix is not rank-one. Therefore, the projection of X* on the
set S proposed in Section 10.E.1 is again performed. Following (10.13), the optimal
beamforming vector x* is obtained as

x* = arg min |XHX*X| .
X

Using again [Den09, Lemma 8.4.3], the solution is obtained by computing the principal
eigenvector of X*.
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10.F Other Scenarios

For more than two radar targets and UEs, obtaining additional analytical results is
extremely challenging. Following Section 10.3.1, still assuming that each UE optimises
the transmitted power in the direction of the ISAC system as they are not collocated,
locally optimal solutions can nevertheless be obtained by performing AM between
the beamforming vectors of the transmitters and receivers f‘R, gR, and {gcq}, in the
steering space. Another AM is carried out to compute the elements of these vectors.
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Conclusion and Future ‘
Works 1 1

NTEGRATED sensing and communication systems is a promising technology to im-
I prove the performance of existing networks, and provides two functions for future
multi-services infrastructures. In this thesis, ISAC systems have been studied under
multiple facets. Three parts have been distinguished, considering V2X applications at
the vehicle, street, or city scale, and focusing either on the performance or modelling,
at the link or system level. Their content is first summarised in Section 11.1, high-
lighting the contributions of this thesis. Then, Section 11.2 provides future research
questions related to the topic of joint sensing and communication. Research questions,
contributions and future works are summarised in Figure 11.1, which extents Figure
1.7 by including the different contributions of the three parts, helping to answer these
questions. For the questions remaining unanswered, future works are also presented.

11.1 Take-Home Messages and Contributions

First, at the link level, Part I has leveraged on the EM theory to analyse the
behaviour of the transmitted waveforms at the vehicle level. More specifically, the
reflection of the EM waves on flat and curved objects has been thoroughly studied.
On the one hand, such analysis has enabled to develop novel radar propagation
and cross-section models in Chapter 3. These models highlight specificities of
the near-field propagation region, which applies in more and more applications,
especially in vehicular scenarios. Namely, depending on the shape of the target, the
received power may decrease with the square, third power, or fourth power of the
distance to the target. They also make the bond between the usual sensing models of
the literature. Numerical simulations have emphasised the significance of selecting a
good model for the considered application. Experimental measurements have also
been carried out to validate the developed expressions. On the other hand, novel
near-field signal models have been obtained for multistatic radar configurations.
The obtained expressions highlight that point target models are not accurate when
the target dimensions are electrically and physically large, w.r.t. to the geometry
of the scenario and the wavelength. Based on the obtained analytical expression, a
maximum likelihood estimator of the distance between the antenna array and the
target has been developed. Through numerical analyses, it has been shown that one
can capitalise on the phase information in addition to the waveform delay to enhance
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Summary of Research Questions, Contributions and Future Works

Link System
v/ How to model interference
v at a large scale?
v/ When is the SG relevant?
Monostatic NF/FF
. RCS model
Modelling
Experimental RCS Interference modelling
measurements at the city scale
Multistatic NF/FF
signal model
Validation with RT
v How cooperation does
v impact the performance?
v How to handle the interference in full-duplex scenarios?
X When should full-duplex or half-duplex be considered?
Performance
NF Range Joint R&C
estimation performance metrics
Full-duplex Full-duplex
interference
9 cancellation/
Part I Fair R&C Cooperative R&C
optimisation metrics performance metrics
Part II _
Experimental ISAC Comparisons
Part III + Waveforms
v + Performance
Data/sensor o i
Future works . gg;\:plemty

Fig. 11.1 Summary of research questions, contributions, and future works of this
thesis. The acronyms NF and FF respectively refer to near- and far-field, and the
letters R and C to radar and communication. The red cross mark indicates that the

research question has not been addressed.
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the resolution and/or accuracy of the estimation, respectively with orthogonal and
non-orthogonal transmissions. Take-home messages for Part I are summarised in
Box 11.1.

11.1: Take-home Messages — Part I

m The radar equation is suited for both near- and far-field applications.
Yet, the RCS must be modelled as a function of the distance in the
near-field region.

= The GO propagation model is only accurate in the near-field region,
and it assumes locally planar targets around the specular point. Thus,
it is suited for high carrier frequencies applications, e.g. automotive
sensing.

= In the near-field region, extended target models should be considered.
When considering point target models, one should ensure that the
reference point of the target is the specular reflection point, instead of
the centre of the target.

= The radar range resolution and accuracy are increased in the near-field
region, when estimators which leverage both on the waveform delay
and phase information are considered.

Next, at the system level, Part II has leveraged on the SG framework to assess
the joint sensing and communication performance of vehicular networks, at the
street or city scale. In Chapter 6, relevant univariate performance metrics have
been summarised, and joint ISAC metrics have been defined, enabling to fully
grasp the impact of the interactions of both functions on each other. For instance,
a performance trade-off regarding the SIR requirements has been highlighted in
full-duplex ISAC scenarios. Optimisation of the network parameters has also been
carried out, and the developed framework has moreover been extended to include IC
capabilities. Additionally, the accuracy of the obtained results has been assessed by
performing a comparison with ray-tracing simulations. In Chapter 7, cooperative
sensing and communication and complex interference mechanisms are introduced
at the city scale. Analytical expressions of the cooperative performance metrics
have been developed, but their mathematical complexity is high, showing the
limits of the SG framework. Yet, comparisons of the proposed models have been
analysed through numerical analyses, and the cooperation schemes have shown
to improve the performance. Moreover, optimisation of the network parameters
has again been carried out. Take-home messages for Part I are summarised in Box 11.2.
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11.2: Take-home Messages — Part II

= Joint radar and communication metrics enable to evaluate the perfor-
mance of both functions with a single metric, while taking into account
the impact of one function on the other.

= In full-duplex ISAC scenarios, the radar and communication functions
interfere with each other. Thus, the design is constrained by a trade-off
w.r.t. the system requirements. Interference mitigation techniques can
be considered to alleviate this constraint.

= For the considered automotive scenarios, the SG framework gives rel-
evant results w.r.t. RT simulations for the univariate metrics, with a
lower complexity. Nonetheless, higher discrepancies are observed for
joint metrics.

m At the city scale, cooperation between the network nodes can help
improve the radar and communication performance of the network.
Yet, the cooperation rule should be carefully designed depending on
the requirements.

= When considering a complete city with complex interference mecha-
nisms, the SG framework is less relevant owing to the high mathemati-
cal complexity of the models, compared to the MC framework.

Finally, back at the link level, Part III has focused on vehicular full-duplex ISAC
scenario, with PC-FMCW and OFDM systems. In such applications, the radar echoes
and uplink communication signals interfere with each other. Thus, two solutions have
been proposed in Chapter 9 and 10, respectively IC and beamforming. In the former,
the specific signal processing of the considered systems has been thoroughly analysed,
showing that the radar function has inherent interference mitigation capabilities,
that does not exist at the communication function. Though, targets may still be
drowned under the higher noise floor. Thus, IC has been integrated at the radar or
communication function, for the system to work respectively in scenarios where the
radar echoes or uplink communication signals are dominant. In order to increase
the robustness of the developed receivers, iterative IC has been introduced. With
such structure, good performance are achieved whatever the scenario, at the price
of a high complexity. Consequently, the complexity has been reduced in dynamic
applications, by leveraging on previous radar measurements to predict the position
and speed of the targets at the next measurement. Instead of considering the IC, the
beamforming has been investigated with MIMO systems. The SINR-product metric
has been selected to ensure fairness between both functions, and among the targets
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and uplink communication users. Multiple schemes have been designed depending
on the number of targets and users, with variable complexity, optimality and required
assumptions. The beamformers have been analysed through numerical analyses,
to study the impact of channel mismatches, and assess the quality of the proposed
solutions. Take-home messages for Part III are summarised in Box 11.3.

11.3: Take-home Messages — Part III

= With full-duplex ISAC systems, IC and beamforming are two solutions
to mitigate the interference between the radar and communication
functions on each other.

= Different IC structures have been proposed. The higher the robustness
of the system, the higher the complexity.

= Contrariwise to the SINR-sum metric, the SINR-product metric ensures
fairness between the radar and communication functions, and among
the targets and UEs.

= The higher the number of targets and UEs, the higher the complexity
of the proposed beamforming schemes.

m The choice between full-duplex or orthogonal systems should still be
analysed. This requires comparisons between popular waveforms, and
evaluations of the achieved performance, complexity, and cost of the
system.

11.2 Future Works

Numerous extensions of the results provided in this thesis have been proposed in the
conclusion of each chapter. Instead, this section focuses on research questions which
have not been exploited in this work.

11.2.1 Full-Duplex versus Half-Duplex Integrated Sensing and
Communication Systems

In this thesis, a particular focus has been made on the interference modelling be-
tween multiple ISAC systems, and full-duplex ISAC scenarios. However, one should
also consider in parallel the evaluation of the performance achieved by equivalent
half-duplex systems. Especially for the third part of the PhD thesis, the radar and
communication performance achieved by full-duplex ISAC systems implementing the
proposed IC schemes should be compared to the performance achieved by half-duplex
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ISAC systems, orthogonalised in time or frequency, which are not interfering with
each other. Yet, such analysis should be made for different waveforms, and with
various metrics, as they are not all affected identically by modifications of the systems
parameters, e.g. the bandwidth, or the coherent processing interval.

11.2.2 Communication/Sensing-aided Sensing/Communication

In Chapter 9, the benefits of introducing cooperation between both functions has been
emphasised, as IC at one function leverages on the information provided by the other.
More generally, the complementarity of the sensing and communication function is
interesting for the improvement of their respective performance. As the communi-
cation function requires channel information to be able to recover the transmitted
information, the most intuitive solution is to leverage on the sensing function, as its
purpose is to gather information about the environment. Nonetheless, the opposite
may also be considered, as this information can be transmitted between the network
nodes using the communication function. Besides, the received information must be
aggregated to the radar output in some way. Thus, this research question is directly
related to the challenge of the data fusion.

11.2.3 Data Fusion

Owing to the increasing number of sensors carried by nowadays vehicles, and the
capability to share information between multiple network nodes, the data fusion is a
critical topic to investigate. Indeed, one may capitalise on the redundant information
generated by the multiple sensors of the vehicles to enhance the sensing function.
At a specific sensing node, this information may be considered as a prior knowledge,
or it may be merged with the output of the node of interest. This is the topic of
Martin Willame’s PhD thesis. For instance, in the communication-aided sensing
perspective, the beamforming feedback information shared by multiple Wi-Fi APs
carries information about the angles of arrival, which may be merged with the sensing
performed at each AP [Wil+24].

11.2.4 Fully-Integrated Designs and Other Waveforms

The PC-FMCW and OFDM ISAC systems have been considered in Part III to anal-
yse full-duplex V2X scenarios. Nonetheless, these waveforms are either radar- or
communication-centric. Thus, fully-integrated waveforms should be investigated.
As the design is executed from scratch, constraints specific to the application may
be integrated. Additionally, other joint interesting ISAC waveforms, e.g. frequency-
hopping, OTFS, or CPM-based designs, have not been described in this thesis. Still,
their different pros and cons may be interesting for the considered full-duplex ISAC
scenarios, or for other applications.
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Fig. 11.2 Mobile experimental setup under development at UCLouvain.

11.2.5 Experimental Integrated Sensing and Communication

Experimental measurements have been performed in Chapter 3 to validate the novel
RCS models which have been developed. Otherwise, ray-tracing simulations have
been carried out in Chapter 6 to assess the accuracy of the analytical expressions of the
metrics. Nonetheless, the results of the other chapters are all theoretical, and additional
experimental analyses would have been interested to complete this work. Besides,
the development of an experimental setup raises new practical challenges which may
be tackled, as synchronisation or non-idealities. For that purpose, an experimental
setup based on Universal Radio PeriPherals (USRPs) is developed at UCLouvain. A
mobile version of the setup is illustrated in Figure 11.2. This setup should be able to
carry out joint sensing and communication experimentations, enabling to assess the
results presented in this thesis, and open the lead to new challenges.
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