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SUMMARY

This dissertation pushes orthogonal time-frequency space (OTFS) from a
communications-centric innovation to a radar-ready waveform family suitable for
future 6G integrated sensing and communications (ISAC). It is driven by the need to
retain OTFS’s Doppler resilience while overcoming three main drawbacks: a lack of a
fair comparison study with orthogonal frequency-division multiplexing (OFDM) for
radar tasks, (ii) its rigid, fully populated time-frequency (TF) structure that hinders
multiple-access flexibility, and (iii) its high peak-to-average-power ratio (PAPR), which
obstructs high-power operation, crucial for many sensing applications.

The dissertation begins by giving a layman’s introduction to the problem of joint sens-
ing and communication that is abstracted from the specific wireless electromagnetic
applications that we study within the rest of the dissertation. We use this chapter to
motivate our research, from the relevance of ISAC to the specific approach of choos-
ing a pre-existing promising communication waveform and adapting it to perform radar
tasks. This chapter also identifies the key knowledge gaps and research questions to be
tackled within this dissertation. With this as background, Chapter 2 lays the theoretical
bedrock. It introduces multicarrier waveforms and some key radar concepts, showcasing
the similarities and differences between OTFS and OFDM. It also establishes a consistent
notation that will be used in the rest of the dissertation.

Chapter 3 answers the first question by developing a family of monostatic radar re-
ceivers for OTFS and OFDM whose assumptions about intercarrier and inter-symbol in-
terference are rigorously aligned. The study goes beyond the general impression that
OTFS possesses innate Doppler immunity: once both waveforms are processed with
an identical joint delay Doppler estimator, their range-Doppler performance converges.
The perceived OTFS advantage is thus traced to receiver structure rather than funda-
mental waveform physics, re-focusing research attention on algorithm design.

Chapter 4 introduces non-uniform OTFS (NU-OTES), a novel waveform that can
be understood as a generalisation of OTFS that maps delay Doppler symbols onto
quasi-arbitrary TF patterns via a non-uniform inverse symplectic finite Fourier trans-
form. This flexibility enhances the multiple-access capabilities of OTFS for multiple
input multiple output (MIMO) radar and multi-user (MU) communications. Realistic
high-mobility communication simulations and the first over-the-air OTFS radar mea-
surements confirm that NU-OTFS preserves the baseline bit-error-rate (BER) and sens-
ing accuracy while allowing non-overlapping resource allocation and increased unam-
biguous radar parameter estimation.

Chapters 5 and 6 deepen the NU-OTES investigation. Chapter 5 proposes a low-rank
optimisation framework that leverages the joint ambiguity function to design NU-OTFS
TF patterns with minimal sidelobes, exploring the scalability of NU-OTFS to multi-user
and massive MIMO configurations in the presence of interference. Chapter 6 delivers the
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XII SUMMARY

first simultaneous MIMO NU-OTES radar experiment in the literature by using a polari-
metric radar. These experiments demonstrate very low cross-transmitter interference
and full signal separability in real hardware, thereby validating NU-OTFS for dense ISAC
deployments with multiple communication users and radar transmitters.

In Chapter 7, we move on from NU-OTES to tackle the PAPR barrier by propos-
ing constant-modulus OTFS (CM-OTES), the first constant-envelope sister-waveform
of OTFS. By fusing complementary sequences with the Zak transform formulation of
OTFS, CM-OTES neutralises amplifier clipping, clearly outperforming distorted OTFS
when it comes to dynamic range in the range-Doppler radar estimation, and performing
similarly to pristine OTFS. Although CM-OTFES suffers from a data-rate reduction when
compared to pristine OTFS, it also outperforms distorted OTFS in communication tasks
when it comes to symbol recovery.

In sum, the dissertation delivers a coherent toolkit that (i) clarifies the true origin of
OTFS sensing gains, (ii) provides the waveform with OFDM-like scheduling freedom via
the novel and well-researched NU-OTFS, and (iii) offers an alternative to remove the
PAPR bottleneck through CM-OTES. Collectively, these contributions support OTES in
becoming a practically deployable candidate for next-generation ISAC networks that de-
mand dense MIMO operation, fragmented spectral access, and high-power front-ends.



SAMENVATTING

Dit proefschrift verheft orthogonal time-frequency space (OTFS) van een puur commu-
nicatiegerichte innovatie tot een golfvormfamilie die zowel voor radar geschikt is als voor
toekomstige 6G-toepassingen voor geintegreerde detectie en communicatie (Integra-
ted Sensing and Communication, ISAC). Het onderzoek wordt gedreven door de nood-
zaak om de Doppler-robuustheid van OTES te behouden en tegelijk drie kernnadelen
te ondervangen: (i) het ontbreken van een eerlijke vergelijkende studie met orthogonal
frequency-division multiplexing (OFDM) voor radartaken; (ii) de rigide, volledig gevulde
tijd-frequentiestructuur die flexibiliteit in meervoudige toegang belemmert; (iii) de hoge
piek-gemiddelde vermogensverhouding (PAPR), die hoog-vermogen-bedrijf — cruciaal
voor veel detectietoepassingen — beperkt.

Het proefschrift begint met een lekeninleiding in het probleem van gezamenlijke de-
tectie en communicatie, los van de specifieke draadloze elektromagnetische toepassin-
gen die in de rest van het werk worden onderzocht. Dit hoofdstuk motiveert het onder-
zoek — van de relevantie van ISAC tot de keuze om een bestaande, veelbelovende com-
municatiegolfvorm te selecteren en aan te passen voor radartaken — en identificeert de
belangrijkste kennislacunes en onderzoeksvragen. Tegen deze achtergrond legt hoofd-
stuk 2 het theoretisch fundament. Het introduceert multicarriergolfvormen en essenti-
éle radarbegrippen, toont de overeenkomsten en verschillen tussen OTFS en OFDM en
legt de consistente notatie vast die in het verdere proefschrift wordt aangehouden.

Hoofdstuk 3 beantwoordt de eerste onderzoeksvraag door een familie monostatische
radarontvangers voor OTFS en OFDM te ontwikkelen, waarvan de aannames omtrent
inter-carrier- en inter-symboolinterferentie strikt op elkaar zijn afgestemd. De studie
kijkt verder dan de gangbare opvatting dat OTFS inherent Doppler-immuniteit bezit:
zodra beide golfvormen met een identieke gezamenlijke vertraging-Doppler-schatter
worden verwerkt, convergeert hun bereik-Doppler-prestatie. Het vermeende OTFS-
voordeel blijkt dus te wortelen in de ontvangerarchitectuur en niet in de fundamentele
golfvormfysica, waardoor de nadruk verschuift naar algoritmeontwerp.

Hoofdstuk 4 introduceert niet-uniform OTFS (NU-OTFS), een nieuwe golfvorm die
kan worden gezien als een generalisatie van OTFS waarbij vertraging-Doppler-symbolen
via een niet-uniform inverse symplectische discrete Fouriertransformatie in quasi-
willekeurige TF-patronen worden geplaatst. Deze flexibiliteit verbetert de meervoudige-
toegangsmogelijkheden van OTFS voor multiple-input-multiple-output-(MIMO)-radar
en multi-user-(MU)-communicatie. Realistische hoog-mobiele communicatiesimula-
ties en de eerste OTFS-radarmetingen in de ether bevestigen dat NU-OTES zowel de
basis-bitfoutverhouding (BER) als de detectienauwkeurigheid behoudt, terwijl het niet-
overlappende brontoewijzing en ondubbelzinniger radarparameterschattingen moge-
lijk maakt.

Hoofdstukken 5 en 6 verdiepen het onderzoek naar NU-OTFS. Hoofdstuk 5 stelt een
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low-rank-optimalisatieraamwerk voor dat de gezamenlijke ambiguiteitsfunctie benut
om NU-OTFS-TF-patronen met minimale nevenlobben te ontwerpen en onderzoekt de
schaalbaarheid van NU-OTFS naar multi-user- en massieve-MIMO-configuraties in de
aanwezigheid van interferentie. Hoofdstuk 6 presenteert het eerste gelijktijdige MIMO-
NU-OTFS-radarexperiment in de literatuur met behulp van een polarimetrische radar.
De experimenten tonen zeer lage wederzijdse zenderinterferentie en volledige signaal-
scheidbaarheid op echte hardware, waarmee NU-OTFS wordt gevalideerd voor dichte
ISAC-opstellingen met meerdere communicatiegebruikers en radarzenders.

Hoofdstuk 7 bouwt verder op NU-OTFS om de PAPR-barriére te slechten door
constant-modulus OTFS (CM-OTFS) te introduceren, de eerste constant-enveloppe-
zustergolfvorm van OTFS. Door complementaire reeksen te combineren met de
Zak-transformatieformulering van OTFS elimineert CM-OTFES versterkerclipping en
levert het aanzienlijk betere prestaties dan vervormde OTES bij het dynamisch-
bereiksprobleem in bereik-Doppler-schatting, terwijl het vergelijkbaar presteert met
zuiver OTFS. Hoewel CM-OTFS een lagere datasnelheid heeft dan zuiver OTFS, overtreft
het vervormde OTFS tevens op communicatietaken wat betreft symboolherstel.

Samenvattend levert dit proefschrift een coherente toolkit die (i) de ware oorsprong
van het OTFS-waarnemingsvoordeel verduidelijkt, (ii) via het grondig bestudeerde NU-
OTFS OFDM-achtige planningsvrijheid biedt, en (iii) een alternatief aanreikt om het
PAPR-knelpunt te verwijderen via CM-OTFS. Gezamenlijk ondersteunen deze bijdragen
OTES als een praktisch inzetbare kandidaat voor volgende-generatie-ISAC-netwerken
die dichte MIMO-operatie, gefragmenteerde spectrumbenutting en hoogvermogen-
front-ends vereisen.



INTRODUCTION

“If I'm sincere today, what does it matter if I regret it tomorrow?”
— José Saramago



2 1. INTRODUCTION

1.1. COMMUNICATION AND PERCEPTION

Most, if not all, life is able to perceive its environment in some way. Some life does
it through complex sensors such as vision through the eyes and hearing through the
ears. Some have simpler forms of perception, such as those enabled by chemical
receptors in single-celled organisms, able to detect and follow chemical gradients
in their surroundings. Perception is crucial for any system operating in a physical
environment, including living organisms. For humans, it is our interface with reality;
it shapes and limits how we see the world and how we imagine it (if we understand
imagination as the ability to simulate sensory input). Perception involves the flow of
information from the environment to the individual, be it an artificial system or a
living organism. It can be considered a form of one-way communication. However,
proper communication stems from the ability to somehow affect the environment
in a way that other entities can perceive. Communication requires perception,
but it is also something more. Communication is present in many organisms,
and its complexity is usually tied to their perception capabilities. From chemical
communication through pheromones in ants to visual and auditory communications
in birds trying to attract mates, tactile communication in primates’ grooming
behavior, and ending with the seemingly infinitely complex forms of communication
in which we as humans participate. Our direct physical capabilities enable some
forms of communication, and technology significantly enhances others. So, from
perception arises communication, and they can hardly be separated.

The development of electromagnetic theory and radiofrequency technology mimics
the process described above in many ways. As humanity, we devised tools that made
us aware of and allowed us to perceive electromagnetic waves outside the visible
spectrum, such as the induction experiments of Faraday. Soon, we could generate
and perceive electromagnetic waves, and the first electromagnetic-based wireless
communication systems were invented. Active sensing through electromagnetic
waves and radar arrived soon after, when ships were detected through the
transmission and reception of electromagnetic waves. Communication technologies
have continued evolving ever since, to the point where they have become one of the
defining characteristics of our current era. Radar technology has been crucial in
military applications since its inception and has also found its way to many civilian
applications, such as aviation, manufacturing, and autonomous mobility. However,
the systems that we create usually specialize in either one task or the other. Having
both communications and (active) sensing within the same system is rare. Why is
that, and should it continue being this way?

1.2. INTEGRATED SENSING AND COMMUNICATIONS

There are many names for the field of research that aims to integrate wireless sensing
and communication into multifunctional systems. This dissertation primarily uses
integrated sensing and communications (ISAC) to refer to these systems. However,
similar terms such as Joint Radar and Communication (JRC) and RadCom are also
used in the literature.

Traditional systems segregate the two: radar and communications are engineered
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independently, assigned separate bands, and interact only incidentally. Instead, ISAC
refers to the deliberate co-design of radar and wireless communications functions
so that they not only coexist in a shared frequency band but also, when desired,
employ multifunctional systems that perform both tasks at once.

There are good reasons why the radar sensors and the communication systems
have been generally distinct [1]. First, they found usage in different fields of
society. While wireless communication infrastructure is omnipresent in populated
areas (base stations and user equipment such as mobile phones), radar systems
are usually mounted in systems and vehicles that have a very specialized purpose
(meteorology, detection of airplanes or ships, tracking of targets for interception...)
in a very specific setting. Another reason was simply technological: there are
challenges in creating a system that simultaneously fulfills the requirements of a
good radar and a sound communication system, particularly in terms of hardware.
Traditionally, many radar applications related to surveillance require high power,
whereas communications require careful and precise phase control.

Technological advances in electronics and manufacturing allow the above reasons
to lose some weight [2, 3]. High-frequency radars function more and more like a
robust camera or Lidar [4]. They can perceive a complex environment and support
other sensors, and are finding their way to robotics [5] and mobility [6] applications
that are widespread in society. Advances in radiofrequency hardware allow modern
radars to apply complex phase modulations to the signals they transmit [7]. Another
driving force for the fusion of radar and communications is the finitude of the
available spectrum. As communication and radar applications grow, the possibility
of assigning non-overlapping spectra to both applications disappears, and joint
solutions must be found [8].

It is not only about the capacity of fusing radar and communications, but also
about the benefits of integrating them within multipurpose systems. Apart from the
gains in spectrum availability, it seems clear that wireless communication systems
can benefit from a better perception of their surroundings to become more efficient
[2, 9, 10]. Communication capabilities can also greatly enhance autonomous mobility
in complex multi-agent environments where an only-sensing approach, such as
autonomous driving [11], drone swarms [12], truck platooning, and autonomous
robotics [5], may not be enough.

Even with the technical capability and motivation, many challenges remain in the
field of integrated sensing and communications (ISAC). One thought experiment
that represents where many of these challenges stem from is the following. Let us
imagine a room full of objects we want to see - colorful paintings and sculptures,
birds flying around, it does not matter. Imagine that we are there, and we have
the task to observe all of this and to communicate it in some way to an observer
too far away to be able to discern anything about the room; we are in complete
darkness, and all we can do is to turn the flashlight that we carry on and off
and choose the color of its light. Clearly, if we prioritize our perception of the
environment, we would turn on the flashlight with white light and enjoy the view of
the room. However, our far-away observer would not receive any information about
the room. We could devise an alphabet based on colors in order to transmit this
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information, assuming the observer knows this alphabet. The choice of colors affects
the communication of information. More colors mean we can make more words
faster and communicate more information. However, it also means a limitation
and bias in how we perceive the colors in the room. This trade-off exemplifies
the opposing requirements in sensing and communication with radiofrequency and
shows some of the design challenges of such systems. However, we chose to tackle
this problem, so the question remains of how to proceed.

One could think that there is clearly a specific set of colors that optimizes the
integrated perceived and transmitted information, which is likely true. However,
the optimal choice would depend on the specific room (or class of rooms) being
observed, which is unknown in advance. Moreover, we would have to communicate
the optimal alphabet to our observer, which can also be problematic. We choose
to tackle the problem differently. Instead of finding the optimal waveform (set
of colors) for each case (room), we acknowledge the reality that communication
systems are omnipresent, and predefined communication protocols and waveforms
exist. Therefore, our aim is to adapt to them to fulfill the sensing requirements. That
way, we have no need to redefine the language all of our systems understand, but
rather make minor adaptations. This dissertation explores the radar capabilities of
modern and future multicarrier communication waveforms. I aim to find ways to
use and appropriately change them to optimize their radar (sensing) performance.
The goal is to develop realistic solutions that enhance perception while preserving
compatibility with legacy communication systems, expanding their capabilities.

This dissertation presents advancements in radar technology, focusing on
integrating radar and communication systems by exploring the radar capabilities
of modern and future communication waveforms. Specifically, I aim to explore
the radar capabilities of multicarrier waveforms with a clear focus on the
Orthogonal Time Frequency Space (OTFS) waveform. This dissertation will
employ a multi-faceted approach that combines theoretical analysis, simulation,
and experimental validation to achieve this.

1.3. WHY ORTHOGONAL TIME FREQUENCY SPACE?

Orthogonal Time Frequency Space (OTFS) [13] is an innovative waveform that has
gained attention for its potential to enhance communication and sensing capabilities
[14]. OTFS was proposed as an alternative to traditional orthogonal frequency
division multiplexing (OFDM), omnipresent in modern communications, from Wi-Fi
to Bluetooth and 4G/5G cellular communication [15-17]. OFDM arranges the
information in orthogonal subcarriers that coexist closely in frequency but, under
ideal conditions, do not interfere with each other [18]. Multicarrier waveforms
based on OFDM have seen a lot of attention in ISAC implementations due to
their ubiquity in communication standards and good radar performance without
significant changes in communication frame structures and system design [19-21].
However, OFDM presents a key drawback in ISAC applications: a low tolerance
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to high Doppler shifts [22, 23]. Both in communications and radar applications,
performance decreases as the Doppler shift in the signal increases to levels above
a fraction of the subcarrier separation [14]. This Doppler sensitivity narrows the
range of viable waveform parameterizations; other configurations, while potentially
advantageous, can aggravate Doppler-related issues [22]. This drawback is even
more problematic in high-mobility scenarios, such as automotive or drone platforms,
which are key ISAC applications.

One of the primary motivations for selecting OTES in this research is its ability
to effectively handle high mobility scenarios [24]. In autonomous driving or drone
operations applications, the relative motion between the transmitter and receiver
can significantly impact communication quality. The inherent robustness of OTES
against these variations means that it could provide reliable performance even as
conditions change rapidly. When compared with OFDM, OTES also has a shorter
cyclic prefix (CP) [25] and lower peak-to-average power ratio (PAPR) in typical usage
scenarios [26], making this waveform a candidate for potential improvement over
OFDM modulations in high-mobility scenarios. While studies of the communication
performance of OTFS confirm an improved communication rate and Doppler shift
insensitivity at the cost of a more complex channel estimation scheme [14], the
interest in the potential of OTFS for radar and ISAC applications is more recent.
Unlike OFDM, OTES utilizes a two-dimensional modulation scheme simultaneously
occupying both time and frequency domains [13]. This unique characteristic allows
for greater resilience to Doppler shifts and multipath fading, making it particularly
advantageous in dynamic environments [27].

1.4. OTFS RADAR: STATE OF THE ART AND CONTRIBUTIONS

While studies of the communication performance of OTFS confirm an improved
communication rate and Doppler shift insensitivity at the cost of a more complex
channel estimation scheme [14], the interest in the potential of OTFS for radar and
ISAC applications is quite recent. Several studies prior to this dissertation have
developed joint range-Doppler receivers for OTFES [28, 29] in an analog manner to
how pilot-based channel estimation for communications would be implemented.
These receivers are able to deal with high-Doppler shifts without the degradation
present in OFDM, albeit at a higher computational cost. The increased Doppler
robustness is attributed to the structure and properties of OTFS. However, prior to
the work in this dissertation, it remains unclear whether these advantages in radar
sensing are due to waveform physics or rather due to the higher complexity of the
radar receiver. Moreover, it is not explored whether a similar type of receiver could
be adapted to work with OFDM radar. In fact, a recent study [30] shows that the
claims of Doppler robustness in OTFS communications are tied to the design of the
receiver and its increased complexity, and not only to waveform properties. This gap
in the literature gives rise to the first research question that I aim to answer within
this dissertation:

Q1: How do the differences in structure between OFDM and OTFS translate to radar
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sensing, and does the Doppler resilience of OTFS in communications transfer to
monostatic radar sensing?

While range and Doppler estimation are crucial parts of radar sensing, estimating
the angular position of targets through array processing is central to many radar
applications. The achievable angular resolution of a radar system is limited by the
aperture of the sensing array, which is, in turn, limited by the number of channels
for a given array sparsity factor. MIMO radar relies on the separability of the signals
emitted by transmitters in different positions to increase angular resolution. Signal
separability is a requirement partially shared with the communication function to
enable simultaneous access for multiple users sharing the same band. In OFDM
ISAC applications, this is achieved primarily through subcarrier interleaving [31, 32].
This limits the unambiguous range of the radar. Alternatives such as random or
optimized assignment of the subcarriers have been proposed [33, 34] to reduce
ambiguities at the cost of reduced dynamic range.

The possibilities for user/transmitter multiplexing in OTFS are limited, as the
signal spreads over the time-frequency domain, leading to symbol overlap and
difficulties in signal separability. Only a few proposed solutions to this challenge
are available in recent literature. The approach in [35] multiplexes the signals
in the delay-Doppler domain. Although this system design retains many of
the advantageous properties of OTFS over OFDM, it incurs higher computational
complexity due to the joint estimation of the range and Doppler parameters.
This approach to signal multiplexing gives up separability in the time-frequency
domain, resulting in reduced spectrum flexibility and overlapping time-frequency
signal representations for different transmitters/users, reducing its compatibility
with applications that require multi-user communications or dynamic interference
avoidance. Specific delay-Doppler signal representations allow for separability in the
time-frequency (TF) domain and enable multiple access in OTFS communications
[36]. The resulting signals are specific, uniform patterns of time-frequency resource
allocation. Such representations are helpful for user separation, but reduce the
non-ambiguous radar parameter estimation or resolution, and are less able to adapt
to dynamic interference. This situation gives rise to the second research question
that I aim to address in this dissertation

Q2: What are practical ways of enabling flexible time-frequency multiple access for
MIMO radar and MIMO/multi-user communications for OTFS?

Finally, I aim to address a somewhat separated but central problem of OTFS
radar. Similarly to OFDM, OTFS is not a constant modulus waveform [26].
That means that the instantaneous power of the transmitted signal at any given
time is not constant, but instead varies depending on the transmitted symbols,
and it is best modelled as a random variable. This can be a deal-breaker for
some ISAC applications, due to hardware compatibility. Many radar applications
use constant-power waveforms so they can be amplified with non-linear power
amplifiers, thus maximizing output power and reducing system cost. However, such
a system would distort non-constant power waveforms such as OTFS and OFDM.
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While OTFES offers situationally advantageous PAPR characteristics [26], it is far
from being enough to avoid signal distortion. Several solutions impair radar and
communication performance. Although some solutions with diverse trade-offs are
available in the literature for OFDM [37, 38], to the best of the authors’ knowledge,
none have been developed for OTFS. This motivates the first and final question I
aim to address in this dissertation:

Q3: How can a constant-envelope (or ultra-low-PAPR) OTFES waveform be designed,
such that it preserves its delay—-Doppler sensing fidelity and key communication
characteristics?

1.5. OUTLINE OF THE DISSERTATION

To present the results, this thesis is organized as follows. First, I investigate the
structure of multicarrier waveforms and OTFS, examining their implications for radar
applications. A mathematical model is then introduced to establish the framework
within which specific findings and innovations are derived. The principal sections of
the thesis and their contributions to the state of the art are arranged in the following
chapters:

1.5.1. MULTICARRIER RADAR FOR INTEGRATED SENSING AND
COMMUNICATIONS

In this chapter, the structure of OTFS is examined in depth to assess its impact on
both communication and radar performance. The fundamental concepts employed
throughout the thesis are defined here, providing the groundwork for the chapters
that follow. The relationship between orthogonal OFDM and OTFES is then analysed.
By highlighting their similarities and differences, 1 identify the root causes of
the open problems in OTFS radar sensing and outline potential solutions that
underpin the contributions made to the field of OTFS-based integrated sensing and
communication. This chapter includes content from:

A. Correas-Serrano, N. Petrov, M. Gonzalez-Huici and A. Yarovoy, "Emerging
Trends in Radar: OTFS-Based Radar for Integrated Sensing and Communications
Systems," in IEEE Aerospace and Electronic Systems Magazine, vol. 40, no. 6,
pp. 102-107, June 2025.

1.5.2. RADAR RECEIVERS FOR OFDM AND OTFS WAVEFORMS

This chapter examines the structure of radar receivers designed for multicarrier
waveforms in general and for OTFS and OFDM in particular. The aim is to determine
whether the features that give OTFS an advantage in high-mobility communications
also benefit monostatic radar sensing. The similarities and differences between the
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two waveforms in this radar context are analysed, and a set of radar receivers with
distinct characteristics is proposed for each waveform. This chapter is an extension
the the following conference publication:

A. Correas-Serrano, N. Petrov, M. Gonzalez-Huici and A. Yarovoy, "Comparison
of Radar Receivers for OFDM and OTFS waveforms," 2022 19th European Radar
Conference (EuRAD), Milan, Italy, 2022, pp. 1-4.

1.5.3. NU-OTFS: MIMO OTFS WITH ARBITRARY TIME-FREQUENCY
ALLOCATION

In this chapter, the MIMO radar and multi-user communication capabilities of OTFS
are investigated. The discussion centres on the multiple-access problem in the
time-frequency domain. Because OTFS symbols are defined in the delay-Doppler
domain and subsequently spread across the time—frequency plane, the waveform’s
spectral flexibility is restricted, hindering its ability to multiplex transmitters in
MIMO radar and to support multi-user communications. To address this limitation,
I introduce a generalised OTFS frame-generation procedure that enables arbitrary
allocations of time—frequency resources for a given OTFS message, thereby enhancing
spectral agility. The resulting waveform, designated Non-Uniform OTFS (NU-OTES), is
validated through theoretical analysis, numerical simulations, and single-transmitter
NU-OTFS measurements: This chapter is largely based on the following publication:

A. Correas-Serrano, N. Petrov, M. Gonzalez-Huici and A. Yarovoy, "MIMO OTFS
With Arbitrary Time-Frequency Allocation for Joint Radar and Communications,"
in IEEE Transactions on Radar Systems, vol. 1, pp. 707-718, 2023.

1.5.4. DESIGN OF TIME-FREQUENCY ALLOCATION PATTERNS FOR
MIMO NU-OTFS

This chapter examines the range-Doppler estimation performance of NU-OTES
MIMO radar frames as the number of transmitters increases and spectral availability
varies. I develop a non-convex optimisation framework based on the simulated-
annealing algorithm to identify advantageous time—frequency patterns for radar
operation. The resulting analysis clarifies the degrees of sparsity and interference
that NU-OTFS MIMO radar can tolerate and offers guidelines for future ISAC system
design and implementation, leading to the following publication:

A. Correas-Serrano, N. Petrov, M. Gonzalez-Huici and A. Yarovoy, "Optimized
Time-Frequency Allocation in MIMO NU-OTFES Radar for Enhanced Performance
Under Spectral Constraints," 2024 IEEE Radar Conference (RadarConf24), Denver,
CO, USA, 2024, pp. 1-6.
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1.5.5. EXPERIMENTAL VALIDATION OF NU-OTFS RADAR WITH
POLARIMETRIC MEASUREMENTS

This chapter extends the previous analysis by validating NU-OTFS radar with
MIMO radar measurements. The ability of NU-OTFS to multiplex transmitters or
users had not yet been fully tested experimentally in the previous chapters; to
address this gap, I use a fully polarimetric MIMO radar to demonstrate, through
measurements, its capability for time-frequency multiplexing of OTFS signals with
arbitrary time-frequency patterns and minimal cross-channel interference. The
content of this chapter was presented in the following publication:

A. Correas-Serrano, N. Petrov, M. Gonzalez-Huici and A. Yarovoy, "Experimental
Validation of NU-OTFS MIMO Radar through Polarimetric Measurements," 2024
21st European Radar Conference (EuRAD), Paris, France, 2024, pp. 63-66.

1.5.6. CONSTANT MoDULUS OTES

This chapter addresses one of the remaining open problems in OTFS—the waveform’s
non-uniform amplitude. Drawing on approaches developed for OFDM, I propose an
information-encoding scheme that yields constant-modulus OTFS frames, making the
waveform suitable for high-power applications without the risk of amplifier-induced
amplitude or phase distortion. The properties of this new waveform, referred to as
Constant-Modulus OTFS (CM-OTFS), are analysed, and techniques are introduced
to mitigate the associated trade-offs in communication capacity. The work in this
chapter lead to the publication of the following journal article:

A. Correas-Serrano, N. Petrov, M. A. Gonzalez-Huici and A. Yarovoy, "Constant
Modulus OTFES Based on Zak Transform of Complementary Sequences for Joint
Radar and Communications," in IEEE Transactions on Radar Systems, vol. 3, pp.
1131-1144, 2025.

1.6. NOTATION

Throughout this dissertation, A" and A~! denote, respectively, the conjugate
transpose and the inverse of a matrix A. The operator vec(A) stacks an N x M
matrix A into the column vector a€ CVM*1, while vecy ,,(@) performs the inverse
reshaping. For a vector be CN*!, diag(b) forms the N x N diagonal matrix whose
main diagonal equals b. The symbol © designates the element-wise (Hadamard)
product. Vector dependencies are indicated by a(rn), individual components by a[m],
and subscripts distinguish related vectors, e.g., the complementary sequence pair c¢;
and c,.






MULTICARRIER RADAR FOR
INTEGRATED SENSING AND
COMMUNICATIONS

“The purpose of a storyteller is not to tell you how to think, but to give you questions
to think upon.”
— Brandon Sanderson

This chapter introduces the theoretical foundation for using multicarrier waveforms
in integrated sensing and communications (ISAC), with a focus on OFDM and OTFS.
Emphasis is placed on their radar-specific properties, including range, Doppler, and
angle estimation, as well as the challenges they pose for waveform design. Particular
attention is given to the issues of transmitter separability in MIMO radar and the high
peak-to-average power ratio (PAPR) inherent to multicarrier signals. These challenges
motivate the core research directions of this thesis: improving OTFS radar receiver
performance, enabling efficient MIMO and multiuser operation, and formulating
OTFS waveforms suitable for high-power radar systems.

11



12 2. MULTICARRIER RADAR FOR INTEGRATED SENSING AND COMMUNICATIONS

2.1. A RADAR SCIENTIST’S TAKE ON ISAC

Radar technology has evolved significantly over the past few decades, driven by
the need for more accurate and efficient systems in various applications, including
automotive [6, 39-41], aviation, and manufacturing sectors. As radar technology
continues to evolve, researchers and engineers face a critical challenge: the congested
electromagnetic spectrum. With an increasing number of devices competing for
limited frequency resources, it becomes essential to develop systems capable of
operating efficiently within these constraints.

Sensing systems share spectrum with wireless communication systems, resulting
in a crowded spectrum in which both functions avoid overlapping [8]. A high
percentage of frequency bands remains reserved exclusively for various radar
applications, becoming inaccessible to communication providers, although it is not
constantly exploited by radar systems. This situation, further motivated by the
advent of software-defined transmitters/receivers and cognitive radio [42, 43], has
prompted a renewed interest in radar concepts that are compatible in some sense
with communications in the same bandwidth. This compatibility can take the form
of either coexisting or multifunctional ISAC concepts [1]. Within this thesis, we focus
on a waveform-centric approach to ISAC, but other approaches also fall under the
same umbrella term.

The more practical efforts in waveform-centric ISAC consist of adapting known
communications or radar waveforms so that both functions can be achieved. The
necessity of ISAC has led to two primary approaches: adapting existing radar
waveforms, such as frequency modulated continuous wave (FMCW), or leveraging
multicarrier communications waveforms, such as orthogonal frequency division
multiplexing (OFDM) and orthogonal time-frequency space (OTFES).

FMCW-based ISAC systems, while extensively studied, face intrinsic limitations
in communication capabilities due to their narrowband nature and rigid frequency
modulation structure. Nonetheless, FMCW is one of the most popular radar
waveforms, and multiple attempts to design ISAC systems based on it have been
investigated. Some of them are in the form of protocols for medium access control
(Radchat [44], radarMAC [45]), while others try to encode information in phase
changes during each chirp [46]. The resulting data rates of the proposed solutions
are low, and communication remains secondary to radar operation.

In contrast, multicarrier waveforms offer greater flexibility but introduce challenges
such as high-speed ADC requirements and peak-to-average power ratio (PAPR)
issues. Multicarrier radar based on the orthogonal subcarrier principle was first
investigated two decades ago in [47] under the label of multicarrier phase-coded
(MCPC) waveform [47]. In this work, multicarrier pulses with intra-pulse phase
coding were proposed strictly as a radar waveform. This idea was further developed
years later in [20, 21, 48] to accommodate existing multicarrier communications
waveforms, namely cyclic prefix-OFDM (CP-OFDM) and repeated-symbol OFDM
(RS-OFDM). By using an existing modulation for communications and designing
a radar receiver around its frame structure, a truly multifunctional waveform is
possible. Following its introduction, numerous radar aspects of this waveform have
been investigated, with some strategies to tackle some of its shortcomings such
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as the required high speed ADCs [49], variable envelope and high peak-to-average
power ratio (PAPR) [50], intercarrier de-orthogonalization due to Doppler shift [23,
51] and non-trivial approaches to MIMO-OFDM [32, 34, 52]. Simultaneously, a
general model for multicarrier radar was proposed in [53] and used as a base for
optimizing multicarrier radar waveforms under interference constraints in [54].

While OFDM has been the dominant waveform for ISAC, its performance degrades
in high-Doppler scenarios due to inter-carrier interference (ICI). OTES offers
improved Doppler resilience at the cost of increased receiver complexity [14]. Similar
to OFDM, OTFS makes use of a compact time-frequency signal representation to
transmit information. Its higher tolerance to Doppler [28, 55] and a shorter cyclic
prefix [25] make this waveform a potential improvement over OFDM modulations for
radar and ISAC. Unlike OFDM, in which the symbols are defined over the frequency
grid, OTFS defines the communication symbols over the "delay-Doppler" plane and
spreads them over the time-frequency plane utilizing the discrete symplectic Fourier
transform (DSFT). The implications of OTFS to communications and radar are still
being investigated, with some works already investigating radar receiver design [28,
55]

The remainder of this chapter is structured as follows: Section 2 provides a
short introduction to radar, with a focus on the concepts of matched filter (MF)
and ambiguity function (AF). Section 3 introduces the principles of multicarrier
waveforms, focusing on OFDM and OTES. Section 4 explains MIMO and array
processing techniques for direction-of-arrival estimation. Finally, Section 5 reviews
the state-of-the-art in MIMO-OFDM and OTFS radar, highlighting current challenges
and research directions.

2.2. FUNDAMENTALS OF RADAR: MATCHED FILTER AND
AMBIGUITY FUNCTION

This thesis assumes some level of knowledge about radar systems. Nonetheless, in
this section, we introduce some key concepts of radar signal processing. For a more
in-depth description of radar principles, hardware, and types of radar systems, we
redirect the reader to textbooks such as [56, 57]

The functioning principle of radar relies on the emission and reception of
electromagnetic radiation to estimate parameters of the illuminated environment,
based on its effect on the transmitted signals. Typically, this involves the transmission
of a modulated electromagnetic wave (e.g., a pulse), the reception of its echoes in
the environment, and the comparison between the transmitted and received signals.
The primary function of a radar is the detection of objects and estimation of their
parameters, such as distance, radial velocity, and direction. Based on the radar
returns, other high-level parameters can be estimated in function-specific radars,
such as precipitation on a weather radar, or orbit in a space observation radar.

In this section, we focus on two key concepts related to radar that are mentioned
throughout this thesis. These concepts are the matched filter and the ambiguity
function of a waveform. The matched filter is a fundamental receiver operation in
radar systems, designed to maximize the signal-to-noise ratio (SNR) for a known
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Figure 2.1: Ambiguity functions with different sidelobe structures. The top example
shows ambiguities (grating lobes), whereas the bottom example shows an increased
sidelobe level without ambiguities.

transmitted waveform in the presence of additive noise. It operates by correlating
the received signal with a time-reversed and conjugated version of the transmitted
waveform, effectively aligning their structures in time to enhance detectability. A
matched filter can be implemented directly in analog hardware, as is the case in
many high-power applications, or through digital signal processing.

For a single-input single-output (SISO) radar system, the output of the matched
filter as a function of time delay 7 and Doppler frequency fp is captured by the
ambiguity function (AF). The delay and Doppler AF of a waveform can be written in
a generic way as the correlation of itself with time and frequency-shifted versions of
itself

o0

x(r,fD)zf s(t) s* (t—1) @It gy 2.1)

—00

where s(f) is the transmitted signal, and s*(t—17) is its complex conjugate delayed

by 7. The exponential term accounts for the Doppler shift. This function provides a

measure of the matched filter’s response to targets at different delays and Doppler

frequencies, and can be evaulated in all relevant range-Doppler hypothesis pairs.
The range-Doppler ambiguity (AF) function essentially gives two main pieces of
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information about the associated waveform. The first is the parameter estimation
resolution achievable with the waveform. In the case of radar, this indicates how
well we can separate targets that have very close range and radial speed parameters.
This can be estimated from the characteristics of the mainlobe of an AE The second
piece of information we can get directly from the AF is how the presence of a target
with parameters {19, Vvo} interferes with the ability to identify another target with a
different set of parameters {r,v}. The sidelobe level of the AF defines this metric, and
it is crucial to consider as it leads to target masking, in which bright targets "mask"
darker targets in the estimation process. Effectively, it is linked to the dynamic range
associated with a specific waveform, although other factors during signal processing
can come into play when defining the dynamic range of a radar system. The two
exemplary ambiguity functions shown in Fig. 2.1 can be used to illustrate these
concepts: In the top AE the overall sidelobe level is low (indicating a high dynamic
range), but the mainlobe "repeats" in the time dimension. These mainlobe replicas
indicate ambiguities that limit the parameter estimation range, and are often referred
to as grating lobes. The AF at the bottom of Fig. 2.1 shows a higher constant
sidelobe level, but no rating lobes. From the AF alone it is possible to understand
that both waveforms will have similar resolution, and that the waveform above will
have a higher dynamic range but smaller unambiguous parameter estimation range
than the waveform below.

It is worth noting, however, that the AF is not always the most informative metric
for all waveform classes. For multicarrier waveforms such as OFDM, the range profile
is obtained in the frequency domain through spectral division and inverse Fourier
transforms, rather than directly from the waveform autocorrelation. Thus, while the
AF in Eq. 2.1 still provides insight into Doppler coupling and sidelobe behavior, it
does not fully characterize the effective range resolution. For this reason, in later
chapters we sometimes compare the output of specific radar receivers instead of
relying solely on the AE Furthermore, the concept of ambiguity functions can be
defined for other estimation problems, such as the angular estimation capabilities
associated with a digital antenna array (also common in radar), and are commonly
used as a metric for sparse antenna array designs [58, 59]. Moreover, one can derive
AFs that take into account transmitter coupling when multiple-input-multiple-output
(MIMO) radar is used [60]. This is important when designing a waveform for MIMO
radar operation, and will be revisited in Chapter 4.

2.3. MULTICARRIER WAVEFORMS FOR ISAC: OFDM AND
OTES

Multicarrier waveforms are present in almost all forms of wireless and cellular
communication systems, and understanding their radar capabilities is of great
interest for ISAC. In this section, we present the structure of OTFS and OFDM, as
well as a generalized multicarrier radar model that offers a compact notation for
both OTFS and OFDM radar. OTFS and OFDM share a lot of characteristics, and
presenting them separately may feel cumbersome to the reader. However, we believe
that having a clear, separate understanding of the inner structure of both waveforms
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is key to understanding the contributions to OTFS ISAC systems made in this thesis.

2.3.1. PRINCIPLES OF OFDM

OFDM operates under the principle of orthogonal multicarriers, in which information
is encoded in closely spaced frequencies (subcarriers) that do not interfere with one
another (i.e., they are orthogonal). To achieve this, the length of each pulse (or
OFDM symbol) T has to fulfill

T=1/Af, (2.2)

where Af is the subcarrier separation. OFDM is the waveform at the physical
layer of 4G and 5G communications, ensuring high data rates in combination with
MIMO techniques and adaptive beamforming. Consider an OFDM system with N
subcarriers; the multicarrier time-domain signal is comprised of the sum of these
carriers. In the discrete domain, and fulfilling the orthogonality condition in (2.2),
the signal sampled in ¢t =n;T/N, ns € [0, N) can be written as

N-1 o am
solns] = x[nle/*' N 2.3)

\/_n

where x(n) is the complex amplitude representing the communication symbol that
modulates the n-th subcarrier. The signal model in (2.3) mimics the inverse discrete
Fourier transform (IDFT) structure, and is usually implemented in the digital domain
with it. In fact, the orthogonal multicarrier principle relies on the alignment of
the sinc functions resulting from the DFT of time-limited rectangular pulses, and
it is where the sampling requirement in (2.2) stems from. The OFDM signal is
then transformed to the analog domain with a digital-to-analog converter (DAC) and
modulated with a transmission pulse g, such that

N-1

so(f) = LN Y gic(Dx(n)e/*mInt 2.4)
n=0

where f,; = nAf denotes the frequency of the n-th subcarrier, and the transmit pulse
g:x(t) is assumed to be an ideal rectangular function.

rect ( (2.5)

T+ Tcp

)_ 1, 0<st=<T+1Tcp
B 0, otherwise

Although the rectangular pulse assumption is common in the literature about
multicarrier waveforms, the synthesis of such pulses is impossible, and work on pulse
design for multicarrier waveforms can be found in [25, 61]. It is usual for OFDM
systems that a sequence of OFDM pulses is transmitted, and it is particularly useful
to consider it that way for radar applications, where multiple symbols constitute a
radar frame. The transmission of multiple OFDM symbols separated by a cyclic
prefix (CP) can be written as

S(l’) Z Z XOFDM[n m gtx(t—m(T+ TCP))eﬂnnAf(t m(T+Tcp)) (2.6)
n=0 m=0
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Figure 2.2: On the left, depiction of an OFDM symbol in the frequency domain. The
maximum of the frequency representation of each subcarrier aligns with the nulls of
the rest (i.e., they are orthogonal). On the right, time representation of an OFDM
symbol. The symbol is the superposition of all the subcarriers and is preceded by a
cyclic prefix. Figure reproduced from [19].

where XOFPM e CN*M js a matrix formed by the concatenation of M OFDM symbols
x(n), each with N subcarriers. In between symbols, a cyclic prefix (CP) of duration
Tcp (a fraction of the symbol duration) is appended before transmission. The cyclic
prefix is a repetition of the last samples of the time-domain signal that is appended
at the beginning of the signal. It prevents inter-symbol interference (ISI) in both
radar and communications by simplifying multipath scenarios into a multitude of
circular shifts in the signal. This assumption is valid as long as the cyclic prefix
is longer than the maximum delay spread of the channel (communications) and
the delay associated with the farthest relevant target (radar). The frequency and
time-domain structure of an OFDM symbol is shown in Fig. 2.2, and the structure
of a sequence of symbols forming a radar frame is depicted in the left half of Fig.
2.3. Finally, the signal (frame) is modulated to the desired carrier frequency

sre(0) = s(1) e/ Iet @2.7)

where f; is the carrier frequency. So far, the signal model for communications and
radar sensing is the same. However, the signal models diverge when it comes to the
monostatic radar received signal. The received signal after propagation in a smooth
medium and reflection in P targets is

P-1 )
yre(t) = Z ap SRF(t—Tp)eﬂ”fD'n(t*Tp) 2.8)
p=0

where we assume that the delay associated with a single path is not changing during
the frame time (no range migration assumption), and the Doppler shift is also
constant during the frame time (no acceleration assumption). Methods to deal with
range migration if OFDM have been researched in [62].

While OFDM provides a convenient single-dimension (frequency-only) packing of
symbols and is therefore well matched to existing 4G/5G transceivers, its radar
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Figure 2.3: Structure of an OFDM and an OTFS radar frame side by side, where
the differences in cyclic prefix and frame structure can be observed. In OFDM,
multiple symbols with a cyclic prefix are concatenated to have a two-dimensional
signal (fast-time and slow-time) to estimate the range and Doppler parameters,
respectively. In OTFS, a single symbol is spread over time and frequency, and can be
used effectively as a frame for range-Doppler estimation.

and high-mobility performance is ultimately constrained by two structural features:
the reliance on a cyclic prefix, which sacrifices useful energy or bandwidth, and
the sensitivity of its per-subcarrier processing to Doppler shifts that approach
a non-negligible fraction of Af. A natural way to overcome both issues is to
abandon the one-dimensional sub-carrier view and embed the information symbols
directly on the two-dimensional delay-Doppler. The resulting multicarrier scheme,
Orthogonal Time-Frequency Space (OTFS), retains all of OFDM’s implementation
assets (FFT-based modulation, compatibility with legacy hardware) yet redistributes
each information symbol over the entire time-frequency plane, achieving improved
Doppler resilience. The next subsection introduces the OTFS signal model and shows
how its delay-Doppler formulation generalises the OFDM framework developed
above.

2.3.2. PRINCIPLES OF OTEFS

OTEFS can be seen as an extension or generalization of OFDM. As introduced in the
previous section, OFDM arranges the communication symbols in a 1D arrangement
that can be seen as orthogonal subcarriers. These subcarriers are modulated into a
time-domain signal through a DFT transform. OTEFS instead arranges the symbols
in a 2D format that represents the so-called delay-Doppler domain, and is then
mapped to the time-frequency domain by means of the Inverse Symplectic Finite
Fourier Transform (ISFFT). Consider a single transmitter OTFS system transmitting
a message Xpp € CN*M defined in a N x M delay-Doppler grid, with N delay
bins and M Doppler bins. The number of subcarriers and subsymbols in TF
representation is N and M, respectively. The communication symbols are mapped
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Figure 2.4: Example of the real part of the time-requency representation of OTFS
symbols in the delay-doppler indices [0,0], [0,1]. [1,0], and [1,1]. An OTFS symbol
representation in the time-frequency domain is the superposition of these N x M
such bases with phase and/or amplitude shifts depending on the communication
symbol modulation.

to the time-frequency domain through the ISFFT such that

1

Xgp o n, m) = NZ MZ Xonlk, 1275 %) 2.9)

where [k, [] are index pairs in the delay-Doppler grid, and [n, m] are index pairs in
the time-frequency grid. Xrr[n, m] is the time-frequency representation of the OTFS
symbols, now spread in the time-frequency domain. This intermediate representation
is useful for understanding the differences between OFDM and OTFS. The OFDM
communication symbols in this domain are localized in each subcarrier, whereas the
OTFS symbols are spread over the time-frequency plane. Fig. 2.4 shows an example
of the first four canonical bases for OTFS in the TF domain. It shows that localized
delay-Doppler bits of information, in this case situated in the delay-Doppler indices
[0,0]1,[0,1],[1,0], and [1,1] become spread 2D oscillating surfaces. A complete OTFS
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Figure 2.5: Block diagram of the transformations in OTFS signal generation,
highlighting the similarities between OTFS and OFDM. OTFS goes from the
Delay-Doppler domain to the time domain, passing an optional intermediate
time-frequency representation, where OFDM signals are generated. With this system
architecture, OTFS can be highly compatible with OFDM legacy systems.

symbol in the TF domain is composed of the integration of all the bases multiplied
by an initial phase and/or amplitude, depending on the communication symbol
dictionary (e.g., QPSK or QAM).

The TF signal is converted into the time domain for transmission using the
Heisenberg transform, as in OFDM. The time domain signal s(t) is given by

s(t) = Z Z XOTES (1, m) gy (t — mT) e/ 2mnAIE=mT) (2.10)

n=0 m=0

where g;, is the transmit pulse. The sequence of transforms to synthethise, transmit
and receive an OTFS signal is depicted in Fig. 2.5. Assuming a rectangular transmit
pulse and a critically sampled signal (Nyquist sampling), equations (2.9) and (2.10)
can be written in compact matrix notation as

OIS = ENXppFhy (2.11)

and

s = vec(FIXQ™) = vec(Xpp Fih) (2.12)

where Fy € CV*N and Fy e CM*M are normalized Fourier transform matrices.
Analogously as with OFDM, the discrete time-domain signal se CVM*1 s
transformed to the analog domain with a digital-to-analog converter (DAC) before
undergoing I/Q modulation to the desired carrier frequency f;, transmitted and
received in a monostatic manner, as in equations (2.7) and (2.8). For this dissertation,
narrowband radar operation is assumed in all steps, and therefore f, > B, where
B = NAf is the bandwidth of the OTFS signal. It is worth noting that from (2.12),
the time-frequency representation is a middle step that is not required to synthesize
the OTFS time-domain signal. Instead, the Zak transform and its inverse, shown
in the right-hand side of (2.12), can be used to go from the delay-Doppler signal
representation to the time-domain representation, as depicted in Fig. 2.6. However,
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Figure 2.6: Schematic showing the transforms connecting the delay-Doppler, time-
frequency, and time domain.

it is important not to overlook the possibility of an intermediate time-frequency
representation, as it is relevant for the compatibility of OTFS with legacy OFDM
systems. Furthermore, in future chapters, we exploit this intermediate time-frequency
representation to increase the flexibility of OTFS for multiuser communications and
MIMO radar.

2.4. MIMO MUILTICARRIER RADAR

The estimation of the angular direction of the received signal (echo in the case
of radar) is not inherent to the waveform used, but is enabled by the radar
front-end. Traditionally, a directive antenna was used to scan the area of interest,
and the position in space of the estimated target would be given by the direction
at which the antenna is pointed. Many modern radar implementations deploy
multiple transmitters and receiving elements, an arrangement commonly called
MIMO (multiple-input, multiple-output) radar. Instead of relying on a single directive
antenna or mechanical scanning, MIMO radar leverages waveforms transmitted from
different antenna positions. Each transmitter can emit a known (ideally orthogonal)
waveform, and the array of receiving elements collects echoes that preserve the
identity of each transmitted signal. The system can infer the angular directions from
which reflections originate by comparing how these signals arrive across the array.
One simple way to see this is through the steering vector formulation. Conceptually,
for a given angle, each antenna element in the array samples the signal with a
predictable phase shift relative to the others, and dependent on the angle of arrival ¢

a()siMo 1= exp ( j%”dRX sin ¢>) (2.13)

where a(¢)sivio € CVrx, d® = [d{{x,...,dlf\{/}‘m] are the positions in the array of the
receive channels, and A is the wavelength of the carrier signal. When a MIMO
configuration with multiple transmitters in addition to multiple receivers is used, all
the transmitter-receiver pairs are taken into account within the steering vector. This
added spatial diversity allows for an increase in angular resolution, with the resulting
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Figure 2.7: Schematic of the virtual array of a 4x8 MIMO radar system.

steering vector a(¢)ymo € CVRy*NTx
- 2T Tx ) Ry
a(p)mimo = exp| j D d*ed™)sing (2.14)

now dependent on both the positions of the transmit and receive elements. The
MIMO formulation is often written as a so-called SIMO virtual array in which the
receiver element positions dV'' € CVNrx*N1x are defined by

A" =d™ e d™ = [d* + a,d{* + d},...,dy; +dy . (2.15)

The previous equations show that with the same number of physical channels, one
can achieve more effective measurements using a MIMO array with both transmitters
and receivers. To give a quick numerical example, if we restrict a radar system
to have 12 digital array elements, we could achieve a receive array of 11 receive
channels with the SIMO configuration, or 36 virtual receive channels with a MIMO
configuration of 6 transmitters and 6 receivers. In the case of a uniform linear array,
using a MIMO array would improve the resolution by a factor of 3.3. Moreover,
the use of multiple transmit channels often implies an increase in the transmitted
power, which is also beneficial in radar systems.

While the benefits of using MIMO arrays in terms of are clear, it does not come
without added challenges. Introducing multiple transmitters places demands on the
radar waveform design. Specifically, each transmitter must radiate a known signal so
the receiver can distinguish the different transmit-receive paths, yet all signals must
coexist without excessive mutual interference. Balancing these two goals requires
selecting (or designing) waveforms that are sufficiently orthogonal so the receive
channels can isolate each transmitter’s contribution.

MIMO radar relies on the separability of the signals emitted by each transmitter
to increase angular resolution and avoid self-interference [63]. In communications,
signal separability from different transmitters is also required to enable simultaneous
access for multiple users sharing the same bandwidth [64]. Therefore, the ability
to multiplex different radar transmitters or communication users such that they are
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separable in a receiver is desirable for both radar and communication applications.
In OFDM, this can be accomplished by multiplexing the different transmitters
directly in the time-frequency (TF) domain, allocating non-overlapping TF bins to
different transmitters [64]. Under realistic channel conditions, the signal associated
with different transmitters/users can be recovered by filtering the appropriate TF
resource blocks in the receiver [65].

OTES symbols are defined in the delay-Doppler (DD) domain and are later spread
in the TF domain through the Inverse Symplectic Finite Fourier Transform (ISFFT).
This can be seen in Fig. 2.4, where each subfigure corresponds to the time-frequency
representation of a single delay-Doppler cell worth of information. When an entire
frame of delay-doppler symbols is sent, they overlap in the TF domain, and different
transmitters can not be separated anymore by looking at specific time-frequency
bins. To address this challenge, several strategies are possible. Specific DD resource
allocations that allow for separability in the time-frequency domain have been
studied in [36, 66] for multiple user access for OTFS communications. The resulting
TF representation amounts to interleaving or block allocation of transmitters/users
in the TF resource plane, as shown in Fig. 2.8, left. Such allocation is problematic for
radar applications, as it reduces the non-ambiguous interval or resolution in either
range or Doppler domain [33]. The signals could be separated for radar operation
using the different messages each transmitter encodes, as shown in Fig. 2.8, middle.
However, this approach is not valid for communications, where the receiver has
no prior knowledge of the message. Alternative TF allocation schemes, particularly
non-uniform optimized [34] or random patterns [33], have shown great promise in
OFDM radar applications when paired with sparse reconstruction algorithms. Sparse
reconstruction algorithms have shown potential in various aspects of radar signal
processing [67] and interference mitigation [68] due to the inherent sparsity of radar
data in the delay-Doppler-angle domain. This approach will be explored within this
disertation in Chapters 4, 5 and 6, and is depicted in Fig. 2.8, right.

2.5. PAPR IN MULTICARRIER RADAR WAVEFORMS

Due to its military roots, many radar applications are focused on the long-distance
detection of targets that do not want to be detected. In order to detect a target
hundreds of kilometers away, high power transmission is crucial. Radar systems
usually drive their high-power amplifiers to saturation to enable such high-power
implementations. For a waveform to go through a saturated amplifier without being
substantially distorted, it must always have the same amplitude. The peak-to-average
power ratio (PAPR) is a useful metric to measure how closely a waveform resembles
a constant-modulus waveform, and is defined as

max|x(1)|*
E|x0?}

where x(f) is the transmitted signal. Notice that the PAPR of a constant modulus
signal is one, and increasing values above one indicate increasing variability in the

PAPR(x(1)) = (2.16)



24 2. MULTICARRIER RADAR FOR INTEGRATED SENSING AND COMMUNICATIONS

uential TFDM

Delay-Doppler Arbitrary TFDM w/ NU-OTFS

Delay-Doppler Domain

1Tx3

Tx2

Delay index

Tx1

0 0 30

Doppler index

§

10 20 30
Doppler index

§

Time-Frequency Domain

5 10 15
Doppler index

2

™3 ™3

Tx2

T™x2

Tx1

Tx1

10 20 30
Subsymbol index

10 20 30
Subsymbol index

10 20 30
Subsymbol index

Figure 2.8: Depiction of multiplexing OTFS MIMO radar transmitter multiplexing
strategies. On the left, sequential TFDM allows for non-overlapping time-frequency
representations of the OTEFS signal only in the shown pattern [36]. In the
center, arbitrary non-overlapping delay-Doppler multiplexing is transformed into
multiple superimposed time-frequency signals [69]. On the right, the NU-OTFS [70]
formulation permits multiple OTFS messages (assigned, e.g., to different comms users
or radar transmitters) to be multiplexed in arbitrary non-overlapping time-frequency
resources.

peak power of the signal with respect to the average. Common waveforms for
radar sensing, such as FMCW and pulsed radar, have constant modulus. However,
multicarrier waveforms are known to have a high PAPR due to the superposition of
the orthogonal subcarriers in the time domain(in the case of OFDM) with different
phase and amplitude modulations. In the case of OFDM, when the number of
subcarriers N is large, the transmitted samples can be approximated to have a
complex Gaussian distribution, and the instant envelope is Rayleigh distributed
as a result [26]. OTFS follows the same distribution, although its dependency
is on the number of subsymbols, or M. This difference in dependency can be
understood intuitively from (2.6) and (2.12). In them, we can see that the transform
from the symbol domain to the time-domain signal involves a Fourier transform
across subcarriers for OFDM and subsymbols for OTFS. These transforms cause the
non-unitary PAPR in the time-domain transmitted signal. In Fig. 2.9 we can see the
sample cumulative distribution function (CCDF) of OTFS and OFDM for different
numbers of subcarriers and subsymbols, where the dependency just discussed is
clearly shown.
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Figure 2.9: CCDF of PAPR of OFDM (a) and OTFS (b) for different values of
subcarriers N and subsymbols M.
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Figure 2.10: Distortion due to non-linear amplification of a non-constant frequency-
coded (FC) waveform. On the left, the effect of amplitude clipping in the
time-domain signal is shown. On the right, we see the effect of such distortion in
the matched filter response of the signal. Images reproduced from [71]

Due to the non-unitary PAPR, multicarrier waveforms are distorted when sent with
a system relying on a saturated high-power amplifier. This is usually not an issue
in wireless communication, as lower power transmission and amplifiers operating
in the linear region are used. However, it is a real problem when considering
multicarrier waveforms for multifunctional systems, where radar modes may require
high-power transmissions. In Fig. 2.10 we show an example of a saturated amplifier’s
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effect in a multicarrier signal, both in the time domain and after radar processing.
In order to enable multifunctional multicarrier systems, it is important to devise
ways to reduce the PAPR of multicarrier waveforms so that they can be used with
saturated amplifiers.

2.6. CONCLUSIONS

This chapter has provided the foundational background necessary to contextualize
the contributions of this thesis within the broader landscape of ISAC research.
Starting from a radar-centric perspective, we introduced the increasing relevance of
multicarrier communication waveforms, particularly OFDM and OTEFES, in modern
multifunctional ISAC systems. By discussing their underlying time-frequency
structures, we highlighted how these waveforms can be repurposed for sensing
tasks, yet also introduced new challenges in doing so. OFDM'’s widespread
adoption and OTFS’s promise in high-mobility scenarios make them compelling
candidates, but several technical barriers remain unresolved. Specifically, this thesis
addresses three main research challenges: the design of radar receivers for OTFS
and their comparison with OFDM; the integration of OTFS with MIMO radar and
multiuser communication systems where transmitter separability is critical; and
the formulation of low-PAPR OTFS waveforms suitable for high-power operation
in practical multifunctional systems. These directions are explored in depth in
the following chapters, where we propose and validate new techniques to improve
receiver design, waveform separability, and power efficiency. The overarching aim is
to advance OTFS as a viable waveform for next-generation ISAC systems, balancing
performance and hardware constraints in both radar and communication domains.
It is important to note that the above challenges primarily arise in multifunctional
ISAC systems, where radar sensing and data transmission must coexist. In contrast,
dedicated radar implementations of OFDM or OTES can circumvent issues such
as high PAPR by using constant-modulus codes or repeated symbols, at the cost
of transmitting no information. The research directions in this thesis, therefore,
focus on the ISAC case, where achieving a balance between radar performance and
communication functionality remains an open challenge.



RADAR RECEIVERS FOROFDM AND
OTFS WAVEFORMS

“I realised that the search for the Knowledge has encouraged us to think of the House
as if it were a sort of riddle to be unravelled, a text to be interpreted, and that if ever
we discover the Knowledge, then it will be as if the Value has been wrested from the
House and all that remains will be mere scenery.”

— Susanna Clarke

In this chapter, a generic description of common multicarrier radar receivers is
presented. Two multicarrier waveforms - orthogonal frequency division multiplexing
(OFDM) and orthogonal time-frequency spacing (OTFS) - are considered. OFDM and
OTFS are strong candidate waveforms for integrated sensing and communication
(ISAC) applications. Sensing performances of different waveform-receiver pairs are
compared theoretically and through simulations. It is shown that while qualitatively,

both waveforms perform similarly under the same receiver, performance differences
exist between them.

Parts of this chapter have been published in [72].
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3.1. INTRODUCTION

Multicarrier waveforms based on orthogonal frequency division multiplexing (OFDM)
are promising in achieving good radar and communications performance without
significant changes in existing communication system design. OFDM suffers from
inter-carrier interference (ICI) when subject to Doppler shifts above a tenth of the
subcarrier separation due to the de-orthogonalization of the subcarriers, affecting
both communications and radar performance [22]. Considering that the deployment
of radar is often tied to high-mobility scenarios, ICI limits the implementation
scenarios of OFDM joint radar and communication systems. For communications,
OTEFS has been shown to be a good alternative to OFDM in high-mobility scenarios,
due to the inherent sparsity and stability of the channel in the delay-Doppler domain
regardless of the magnitude of the present Doppler shifts.

The performance of OTFS and OFDM radar has been compared recently in both
[55] and [28]. The authors of [55] derive a maximum likelihood receiver for the
OTFS waveform considering inter-symbol interference (ISI) and ICI and compare it
with the symbol-canceling maximum likelihood receiver for an OFDM signal, which
implicitly assumes no ISI/ICL In [28], a more straightforward matched filter OTEFS
receiver is developed and compared with an unspecified OFDM radar receiver under
moderate ICI conditions, showing a systematic Doppler estimation error in the latter.
This effect is inconsistent with the previously reported effect of ICI in OFDM radar
behavior (e.g., [23, 73]), which appears as an increase in the noise floor in the
estimation.

This chapter first develops a generic description of state-of-the-art OFDM and
OTFS monostatic radar receivers from both time-frequency and delay-Doppler
perspectives. Building on this common framework, we propose adaptations in
the receivers that render the receivers compatible with both waveforms, enabling
a fair, unified comparison of the two waveforms. Section 3.2 presents a concise
multicarrier radar model; Section 3.3 details the receiver structures; Section 3.4
evaluates each waveform-receiver pair through simulation; and Section 3.5 offers
concluding remarks.

3.2. MULTICARRIER RADAR

OFDM and OTFS waveforms fall under the umbrella of multicarrier waveforms
and can be described by the same model for multicarrier radar waveforms. Such
generalization, without including OTFS, is presented in [53]. In Chapter 2, it was
argued that both OFDM and OTFS can be represented in the same domains. For
a given time-frequency representation of an OFDM or OTES signal, the baseband
equation describing it may be written in the time domain as

N-1M-1 )
s=Y Y Xrrln, mig(t— mT)e/2mnaft=mD 3.1)

n=0 m=0

where Xpp € CV*M is the TF representation of the multicarrier signals with N

subcarriers and M subpulses. The duration of each subpulse is T, and Af =1/T is
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the intercarrier spacing. The critically sampled discrete equivalent of equation (3.1)
can be written in matrix form as

stx = vec(FiXrr) (3.2)

where Fg is the IDFT matrix performing the IDFT transform along columns (i.e.,
the Heisenberg transform) to create the time-signal from the time-frequency grid.
Generally, the received signal in the monostatic radar case will be an integration of
time and frequency-shifted replicas of the transmitted waveform. For P monostatic
propagation paths, it can be written generically as

P-1 )
sex(D) = Y. ap s(k—1p)el2 oprt=Tp) 33)
p=0

where ap, Tp, and fp ), are the complex amplitude, time delay, and frequency shift
associated with each path p. While this is correct, in order to understand the effect
of the channel on the signal at the symbol level, it is helpful to look at how the time
and frequency shifts manifest in the time-frequency discrete representation of the
transmitted signal. This can be accomplished by using a slightly altered version of
the generalized multicarrier radar signal model presented first in [53]. We define the
following notation: for a delay 7, and a Doppler shift fp ,,

Yy =exp(—j2nfery), (3.4)

represents the phase shift due to the propagation delay of the carrier signal. The
Doppler shift is captured through

T
Yp = €xp (—jZn—fD,p). (3.5
N
by constructing the following matrices
T1(fp,p) = diagly}, v, vh ) 3.6)

T2 (fp,p) = diaglyy,yy,....v5" "M, (3.7)

where T'; € CV*N represents the Doppler-related phase shift along the fast time (the
ICI) and I, € CM*M js the Doppler phase shift across subpulses. Analogously, a
matrix form of the target range-related subcarrier phase shift can be constructed
through

ap =exp(—j2nAf1p), (3.8)

with the matrix
A(tp) = diag{a%, a},,..., agfl}. (3.9)

Lastly, the multicarrier structure of the signal is captured by the IDFT matrix, now
scaled by the Doppler shift. If we define

Brcp =exp (j2maf % (1-22)), (3.10)
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then, the scaled IDFT matrix is

1 1 1
N-1
1 Brxp :B%x 'p)
Brx,p = . (3.11)
. N-1 ' N-1)(N-1
1 pA-D L Wy ; )IN-1)
and the baseband received multicarrier signal can be written compactly as
srx = Y vec (LpypT1 (fp,p)Bry, pA(T p)X1eT2 (fD,p) (3.12)
P

where i, is the complex amplitude associated to the path p, and srx € CMN*1, The
terms T1(fpp), T2(fpp), Brxp, A(Tp), ¥p, and p, contain the target-dependent
information. This model can be used as a common representation for different
time-frequency signals, including OFDM and OTFS signals. In OFDM, the
communication symbols in the time-frequency plane are the entries x,,, of X,
whereas in OTFS, the symbols are defined in the delay-Doppler domain through
the matrix Xpp and transformed to the time-frequency domain via the inverse
symplectic finite Fourier transform (ISFFT) (i.e. a DFT over the columns and a IDFT
over the rows of Xpp),

XOTFS = XSS El (3.13)

where, by letting X =Xorps in (3.2) and (3.12), the model can be applied for OTFS
modulation. For simplicity, we assume that the cyclic prefix is long enough that no
significant ISI is present in the signal.

3.3. MULTICARRIER RADAR RECEIVERS

In this section, we will introduce three different multicarrier radar receivers available
in different forms in the literature.

3.3.1. TIME-DOMAIN CORRELATION

A straightforward receiver for multicarrier radar, presented in [47] and used, e.g.,
in [53, 74], consists of the correlation of the known time-domain signal (3.1) with
the expected received signal (3.12) for all the relevant delay-Doppler pairs. Such a
receiver is valid for any waveform, and it is the strict definition of the matched filter
operation in radar. It can be written as

o8} .
X(r,f):f s()s* (t—1) e™"I0! gy (3.14)
—00

where s(¢) is the transmitted signal, s(z—7) is its complex conjugate delayed by
7, and the exponential term accounts for the Doppler shift. The matched filter
is designed to maximize the SNR for a known transmitted waveform. However,
in the context of multicarrier communication waveforms, a matched filter in the
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Figure 3.1: Block diagram of the spectral-division based receiver for OFDM, where
the signal processing steps for range-Doppler estimation in OFDM radar, and the
resulting spectrogram (normalized amplitude, dB), are shown.

time-domain signal can lead to artifacts due to repeating frame structure elements
such as the cyclic prefixes. In our implementation, a removal of the cyclic prefixes
is performed before the matched filter is applied, effectively overcoming this issue.
Another crucial shortcoming is the high computational complexity due to the high
number of correlations to compute, which makes this type of receiver impractical in
many low-cost civil applications.

3.3.2. SYMBOL-CANCELING RECEIVER

An alternative to such a general receiver is to design a receiver for each
specific multicarrier communications waveform using its specific frame structure.
We start with the radar receiver generally associated with OFDM radar. The
"symbol-canceling" radar receiver for cyclic-prefix OFDM (CP-OFDM), presented first
in [75] and widely used in radar literature thereafter (e.g. [19, 76]), accomplishes
that by reducing the complexity of the receiver to a 2D DFT, although only under
the assumption of no ICI or ISI. This assumption is valid for f; <0.1Af and
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7 lower than the CP duration. The receiver is implemented by performing an
element-wise division of the received signal in the time-frequency domain Y** by
the time-frequency communication symbols X, that is

v _ Yom
nm = X (3.15)
and then performing an IDFT over the columns and a DFT over the rows,
P =FiYWEy,, (3.16)

resulting in the spectrum P. A schematic and example of the peridogram output
for this receiver is shown in Fig. 3.1. Interestingly, the double DFT in (3.16) is
exactly the symplectic finite Fourier transform (SFFT), i.e., the inverse transformation
used to generate the OTFS time-frequency signal in (3.13). Therefore, this receiver
normalizes the received signal in the time-frequency domain and transforms the
result to the delay-Doppler domain, showing a connection between OFDM and
OTFS. For example, if the time-frequency shifts [z, f;] =[0,0], Y4y is an all-ones
matrix, and its delay-Doppler representation YdDi]‘? appears as a peak in [0,0]. For
any other pair of [7,,v,], the peak in Ygi]‘? is displaced to the corresponding index
in the delay-Doppler plane. Therefore, what this receiver is accomplishing is to
normalise the OFDM time-frequency representation into bases in the delay-Doppler
domain that represent each delay-Doppler path in the signal (associated with each
target, if there is no multipath). Although this receiver is generally associated with
CP-OFDM radar, it is possible to adapt it to OTFS with some changes. First, we
use a cyclic prefix between the subsymbols in OTFS. This is usually referred to as
repeat-cyclic-prefix OTFS (RCP-OTFS) [77]. This addition is required to avoid ISI.
Second, we substitute the element-wise division in (3.19) with a phase-normalization
given by

Yg?rrnm,OTFS — le?(,;,lOTFS exp (_j\{}[n' m)) (3.17)
where
W¥(n, m| = ZXorrsln, m]). (3.18)

The purpose of this change is to avoid distorting the amplitude of the received
OTFS time-frequency signal, as the reference transmitter OTFS time-frequency
signal is not a constant amplitude across subcarriers/subsymbols. Note that this
formulation is equivalent to the element-wise division used in the OFDM signal for
symbol cancellation. With this slightly altered formulation, we have adapted the
low-cost symbol-cancelling receiver to function for OTFS, and we will compare the
performance of these receiver-waveform pairs in the following sections.

3.3.3. DELAY-DOPPLER DOMAIN RECEIVER

We move on to a radar receiver commonly associated with OTFS, as it is based
on the delay-Doppler representation of the signal. This receiver was proposed first
for OTFS in [28], and also rediscovered with slight variations in [29, 51]. In [28],
this formulation is compared with the symbol-cancelling receiver paired with an
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OFDM waveform. The results are used to argue that OTFS outperforms OFDM
in terms of non-ambiguous range and Doppler parameter estimation, as well as
ICI/ISI tolerance. However, the formulation is valid for any multicarrier signal and
can be readily adapted to OFDM. The approach mirrors the one used to adapt the
symbol-cancelling receiver to OTFS in the previous section. We use the delay-Doppler
representation of the received and transmitted OFDM signals to formulate a joint
delay-Doppler receiver that shares the same qualities for both OTFS and OFDM.

The delay-Doppler domain receiver is built upon the fact that phase shifts in
the time-frequency domain correspond to a signal translation in the delay-Doppler
domain. With xpp = vec(Xpp), and ypp = vec(Ypp), then

Ypp = HXpp +w (3.19)

where we CVM*1 js additive complex white gaussian noise, and H e CVM*(NM)?,
We define a matrix H having the first column as equal to xpp, and the remaining
columns are progressively bigger circulant shifts of xpp modulated by the ICI
phase-terms I';(fp) associated to each Doppler shift, such that each column of H
corresponds to a n' and m' delay-Doppler shift hypothesis, which can be written
compactly as

H = [h(0,0),h(1,0),...,h(0,1),...,h(N-1,M-1),...,h (N? -1, M? - 1)] (3.20)
where the columns h,y ,, are
h(r/, m) =vec (T (fp = m' | MT) Py (n)XppPu(m')) (3.21)

where the matrices Py and P, are standard circular permutation matrices for the
rows (delay) and columns (Doppler) dimensions. Finally, the output of the receiver
is given by

hpp = Hypp (3.22)

A 2 . A
where hpp € CVM™*1 can be reshaped into xpp € CVM*NM

the receiver output for each delay-Doppler shift pair.

The core idea with this receiver is to solve the matched filter output jointly for the
delay and Doppler. Intuitively, the inter-symbol Doppler dependent phase shift I'»
causes the circular shift of the received signal in the Doppler dimension, and the
delay-dependent phase shift across subcarriers modelled by A causes the circulant
shift in the transmitted signal in the delay dimension, following the properties of the
Fourier Transform. However, the Doppler-dependent phase shift along subcarriers
(the ICI) occurs on top of and is compensated for by the term 1‘1‘1. This is only
possible because of the joint estimation of the delay and Doppler, which increases
the computational complexity and memory requirements of such a receiver. An
analogous compensation of the ISI, a delay-dependent phase shift that modulates
each subsymbol, is also possible and introduced in the later simulations within this
chapter. An OTFS radar parameter estimation technique based on the generalized
likelihood ratio test (GLRT) with similar properties has been reported in [29].

, with each element being
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Figure 3.2: Receiver output of all the presented waveform-receiver pairs for zero
delay and doppler shifts, showing the receiver output without any signal distortion.
The symbol-cancelling receiver output overlaps for OTFS and OFDM, whereas de
delay-doppler receiver output does not. N =8 and M = 10.

3.4. SIMULATIONS RESULTS

In this section, we show the simulations of the presented radar receivers for
both OFDM and OTEFS signals to investigate the relationship between receiver and
waveform performance. For this purpose, we simulate i) a scenario with no doppler
or delay shifts, to compare the characteristics of the receivers without any ICI/ISI
effect from the channel; ii) a scenario with f; <0.1Af, in which the effect of ICI is
tolerable for all receivers; and iii) a scenario with f; > Af, where the effect of ICI is
substantial, and compensation or joint range-Doppler estimation is necessary. Lastly,
we evaluate the integrated side lobe ratio (ISLR) [78]to understand the differences
between waveforms and receivers further. The ISLR describes the ratio of power
between the sidelobes and the mainlobe. A higher value indicates more power in the
sidelobes with respect to the mainlobe. It can be written for a general correlation,
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Figure 3.3: Receiver output of all the presented waveform-receiver pairs for low
time and Doppler shifts. The delay-Doppler receiver and the simple time-domain
matched-filter show an increased unambiguous estimation range in both delay and
Doppler, whereas the symbol-cancelling receiver has a smaller unambiguous region
as it ignores the effect of ICI and ISI. When compared to Fig. 3.2, moderate ICI adds
a noise-like distortion to the sidelobes in the symbol-canceling receiver. N =8 and
M =10.

e.g., in time as

f (D) dr
|T\>T0

ISLR = 10log;,
f lx (D) dr
ITI=To

(3.23)

where T, indicates the limits of the mainlobe in the correlation or estimation, and
x (1) represents a generic autocorrelation of a signal for different values of 7.
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Figure 3.4: Receiver output of all the presented waveform-receiver pairs for a big
Doppler shift, causing strong ICI. ICI visibly degrades symbol-canceling receiver
performance. N =8 and M = 10.

3.4.1. QUALITATIVE WAVEFORM-RECEIVER COMPARISON

First, we explore the scenario in which no delay and Doppler shift is present on
the received signal. This is clearly not a realistic scenario for radar, but it aids
in understanding the characteristics of each waveform-receiver pair. The range
and Doppler estimation outputs are plotted in Fig. 3.2, showing that the symbol
cancelling receiver in the TF domain performs exactly the same in OFDM and OTFS,
assuming the RCP-OTFS variant with cyclic prefixes before each subsymbol, and
indicating that the TF representation does not affect the estimation when no ICI-ISI
is present. On the other hand, we can see slight differences in the sidelobes when
comparing OFDM and OTFS paired with the joint delay-Doppler receiver, indicating
that the different representation of the information signal affects the performance of
this receiver. Moreover, it is also shown that the delay-Dopplr receiver shows no
grating lobes in the multiples of T and Af, indicating a higher non-unambiguous
parameter estimation region, which theoretically can extend until NAf and MT for
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Doppler and delay respectively.

Next, we consider scenarios in which the Doppler shift is small enough that ICI
is not a substantial issue (i.e., fy =0.1Af). Fig. 3.3 shows the delay and Doppler
receiver outputs in such a scenario. Under these conditions, it can be seen that
all receivers peak at the correct range and Doppler hypotheses for both OFDM
and OTFS waveforms. Reduction of the unambiguous range and Doppler in the
symbol-canceling receiver can also be noticed, with the grating lobes appearing on
delays v’ = (nT +71) and Doppler shifts f;i = (mAf + fz). Again, the Delay-Doppler
and time-domain correlation receivers are capable of unambiguous estimation up to
NAf and MT for Doppler shifts and delay, respectively. Moreover, the mainlobe
does not significantly differ between receivers or waveforms. At low Doppler,
the symbol canceling receiver output resembles a sinc function, enabling sidelobe
reduction through windowing at the cost of increasing the mainlobe width. The
benefits of windowing will decrease as the Doppler increases.

Finally, we consider a high ICI scenario in which f; =2Af, and compute the
output of the presented receivers for both OTFS and OFDM signals. The output (see
Fig. 3.4) shows little difference between the OTFS and OFDM in each receiver type.

The symbol-canceling receiver cannot resolve the target unambiguously in either
the delay or the Doppler domain. This is expected, as not only is the target beyond
the unambiguous hypotheses in terms of Doppler, but also the implicit assumption
of no ICI in the receiver is strongly violated. Both the time-domain correlation
and delay-Doppler domain receivers’ output reflect the correct target parameters,
showing that they are not affected by ICI and that their unambiguous range and
Doppler extend to the bandwidth and duration of the signal.

3.4.2. INTEGRATED SIDE-LOBE RATIO EVALUATION

Lastly, we evaluate the side-lobe characteristics of the presented receiver-waveform
combinations for the delay and Doppler estimation. As the main-lobe characteristics
are identical for all receivers (in low ICI cases for the symbol-canceling receiver), we
choose the ISLR as a metric to compare each waveform-receiver combination. We
evaluate the metric within the 7/ =[0,T] and fé =1[0,Af] as the symbol-canceling
receiver output is unusable beyond that Doppler shift. The side-lobe characteristics
of the delay-Doppler and time-domain correlation receivers remain constant for
higher values of 7 and f;. Simulations are conducted under noiseless conditions in
order to evaluate solely the sidelobe power.

The results (see Fig. 3.5 and Fig. 3.6) show differences in the ISLR both
between receivers and waveforms. Most notably, the degradation of the ISLR for
the symbol-canceling receiver increases as the Doppler shifts approach Af, and the
unaccounted effect of the ICI degrades the output of the receiver. Notably, this
degradation occurs both in the delay and Doppler estimation. The small ripples in
the delay-Doppler receiver are caused by the off-grid error in the estimation process
being unaccounted for. Overall, the delay-Doppler and correlation receivers show
similar performance (with a notable exception for OTFS in the range estimation),
and OFDM shows a lower ISLR level in Doppler estimation. In contrast, OTFS shows
a lower ISLR in range estimation with the time-correlation receiver.
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Figure 3.5: Integrated side-lobe ratio in the Doppler estimation for f;<Af. N=8
and M = 10.
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Figure 3.6: Integrated side-lobe ratio in the delay estimation for f; <Af. N=8 and
M =10.

3.5. CONCLUSIONS

This chapter delivers the first waveform-agnostic framework for evaluating OTFS
and OFDM radar receivers, enabling a genuinely fair comparison between the two
multicarrier families. The results reveal that, for radar operation, OTFS is not more
Doppler tolerant than OFDM when paired with the same symbol-canceling receiver.
A joint delay-Doppler receiver, usually associated with OTFS, can achieve Doppler
tolerance at the cost of higher computational complexity for both OTFS and OFDM.
Therefore, we conclude that receiver design can be generalized for any multicarrier
waveform and that radar sensing properties usually attributed to OTFS and OFDM
are, in fact, primarily due to the difference in the receivers traditionally associated
with each waveform. Nonetheless, we demonstrated differences between OFDM and
OTFS waveforms regarding the side-lobe characteristics for different receiver outputs.
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Although the radar properties of OTFS and OFDM under the presented receivers
are similar, OTFS offers the possibility of designing a signal in the delay-Doppler
domain, opening exciting opportunities in signal orthogonality for MIMO and new
interference interactions investigated in subsequent chapters.







NU-OTFS: MIMO OTFS WITH
ARBITRARY TIME-FREQUENCY
ALLOCATION

“To remain in the past means to be dead.”
— José Ortega y Gasset

This chapter proposes a novel waveform, namely non-uniform OTFS (NU-OTFS),
for joint radar and communication applications (Radcom) in multi-user/MIMO
scenarios. Based on orthogonal time frequency space (OTFS) modulation, the proposed
waveform is realized by using a non-uniform symplectic finite Fourier transform
(NU-SFFT) to generate non-overlapping quasi-arbitrary time-frequency representations
of OTFES messages. Non-uniform sampling and sparse reconstruction algorithms
within the compressed sensing framework are employed to avoid (self-)interference
and enhance radar target parameter estimation. The performance of NU-OTFS
and its corresponding receivers is evaluated through numerical simulations and
measurements, and compared with state-of-the-art MU/MIMO Radcom OTFES system
concepts. NU-OTFS allows for increased flexibility in time-frequency resource allocation
and larger unambiguous radar parameter estimation while showing comparable
performance to state-of-the-art OTFS multi-user communication implementations in
realistic high-mobility channel conditions.

Parts of this chapter have been published in [70].

41
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4.1. INTRODUCTION

Besides range and velocity estimation explored in the previous chapter, estimating
the angular position of reflecting targets through array processing is crucial in many
radar applications, such as automotive radar [6]. MIMO radar effectively increases
the angular resolution with fewer array elements by exploiting path diversity between
different transmit-receive pairs [79]. MIMO radar relies on the separability of
the signals emitted by each transmitter to increase angular resolution [63]. In
communications, signal separability from different transmitters is also required to
enable simultaneous access for multiple users sharing the same bandwidth [64].
Therefore the ability to multiplex different radar transmitters or communication
users such that they are separable in a receiver is desirable for both radar and
communication applications. In OFDM, this can be accomplished by multiplexing
the different transmitters directly in the time-frequency (TF) domain, allocating
non-overlapping TF bins to different transmitters [64]. Under realistic channel
conditions, the signal associated with different transmitters/users can be recovered
by filtering the appropriate TF resource blocks in the receiver [65].

For OTFS, multiplexing directly on the DD domain is also not trivial, as
time-frequency shifts in the channel result in a quasi-periodic 2D rotation of the
symbols in this domain [80], and separating the transmitters without prior knowledge
of the channel can be difficult. It is possible to exploit channel characteristics,
such as diversity in user mobility, to minimize inter-user interference [81], achieving
improved performance for user multiplexing but not allowing for transmitter
multiplexing in MIMO radar without channel knowledge. Specific DD resource
allocations that allow for separability in the time-frequency domain have been
studied in [36, 66] for multiple user access for OTFS communications. The resulting
TF representation amounts to interleaving or block allocation of transmitters/users
in the TF resource plane. Such allocation is problematic for radar applications, as it
reduces the non-ambiguous interval or resolution in either range or Doppler domain
[33]. Alternative TF allocation schemes, particularly non-uniform optimized [34] or
random patterns [33], have shown great promise in OFDM radar applications when
paired with sparse reconstruction algorithms. Sparse reconstruction algorithms have
shown potential in various aspects of radar signal processing [67] and interference
mitigation [68] due to the inherent sparsity of radar data in the delay-Doppler-angle
domain.

In this chapter, a novel waveform that maps an OTFS frame into quasi-arbitrary
TF patterns is proposed, increasing the multiplexing flexibility of OTFS in both
MIMO radar and MU communications. The proposed waveform is referred to as
non-uniform OTFS (NU-OTES). Specifically, the main contributions of this chapter
are the following.

1. A generalized formulation for time-frequency multiplexing of OTFS signals,
resulting in the NU-OTES waveform. A non-uniform ISFFT (NU-ISFFT) is
defined using non-uniform discrete Fourier operators for its implementation.
The NU-ISFFT is used to generate non-overlapping TF representations of the
OTFS messages and recover the OTFS message from a partially sampled TF
plane. This non-overlapping representation enables transmitter/user separation
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Figure 4.1: Block diagram of a single channel NU-OTFES for MU/MIMO showing the
non-uniform (NU) ISFFT operators. In transmission, the NU-ISFFT is implemented
using a non-uniform DFT along the N dimension (NU-NDFT) and an inverse
NU-DFT along the M dimension (NU-MIDFT). An IDFT along the N dimension
(N-IDFT) is used to transform the time-frequency signal into a time-domain signal.
Transmission occurs after cyclic-prefix appending (CP), digital-to-analog conversion
(DAC), band-pass filtering (BPF), and amplification (PA). The inverse operations
are carried out in the receiver chain, before the radar/communication receiver is
implemented.

at the receiver by filtering out the unwanted time-frequency samples in the
digital domain. The inverse transform (NU-SFFT) is then used to move
back to the original DD representation from the sparsely sampled TF signal.
This formulation is general and can be used to include fixed patterns
presented in previous work, such as interleaved TF allocation [66], as well
as other quasi-arbitrary non-uniform patterns. Non-uniform time-frequency
multiplexing is novel in OTFS waveforms. NU-OTFS could also simplify the
implementation of high-bandwidth multistatic radar networks with reduced
interference due to the increased flexibility in TF resource allocation. A
schematic depiction of the proposed scheme for transmission and reception is
shown in Fig. 4.1.

2. A simulation and measurement-based evaluation of the performance of the
proposed NU-OTFS waveform for monostatic MIMO radar applications. This is
the first measurement-based OTFS radar validation reported in the literature,
to the best of the author’s knowledge. A signal processing chain based
on compressed sensing (CS) is proposed, compared to traditional OTFS
implementations, and validated through measurements.

3. A simulation-based study of the communications performance of NU-OTFS
compared to other OTFS approaches, using standard 3GPP vehicular channel
models [82] for simulation. A numerical comparison of error rates for different
SNR and channel mobility values is drawn.

The remainder of the chapter is structured as follows. Section 4.2 presents a
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mathematical description of OTFS signal generation and channel effects and presents
a novel system concept based on the NU-SFFT to generate the proposed NU-OTES
waveform. Section 4.3 includes descriptions of NU-OTFS radar and communication
receivers. Section 4.4 presents numerical radar and communications performance
simulations for the proposed NU-OTFS system concept, as well as experimental
validation for NU-OTFS radar. Finally, a chapter summary is given in section 4.5.

4.2. OTFS SIGNAL MODEL

Consider a single transmitter OTFS system transmitting a message Xpp € CN*M
defined in a N x M delay-Doppler grid, with N delay bins and M Doppler bins. The
number of subcarriers and subsymbols in TF representation is N and M, respectively.
The communication symbols are mapped to the time-frequency domain through the
inverse symplectic Fourier transform (ISFFT) such that

-1M-1 j n(& Lk)
XTF[n,m] _\/: Z Z XDD ]C l]e M N (4.1)

where [k, [] are index pairs in the delay-Doppler grid, and [n, m] are index pairs in
the time-frequency grid. Xtp[n, m] is the time-frequency representation of the OTFS
symbols, now spread in the time-frequency domain. The TF signal is converted into
the time domain for transmission using the Heisenberg transform. The time domain
signal s(#) is given by
N-1M-1
s()= Y. Y Xggln, mlge(t — nT)e/2mAlt=mD 4.2)
n=0 m=0
where g;; is the transmit pulse. Assuming a rectangular transmit pulse and a
critically sampled signal, equations (4.1) and (4.2) can be written in compact matrix

notation as
X7p = FNXDDFﬁ 4.3)

and
s = vec (FiXzr) = vec (XppFL) (4.4)

where Fy € CV*N and Fy € CM*M gre normalized Fourier transform matrices. The
discrete time-domain signal s € CV™*! is transformed to the analog domain with a
digital-to-analog converter (DAC) before undergoing 1/Q modulation to the desired
carrier frequency f,. For this chapter, narrowband radar operation is assumed
in all steps, and therefore, f.> B, where B = NAf is the bandwidth of the OTFS
signal. In both communication and radar applications, the received signal is a linear
combination of multiple time and frequency-shifted replicas of the transmitted signal
embedded in noise. For the full parametrization of the monostatic radar channel
effects in the multicarrier signal structure, we refer the reader to Chapter 3.
Equations (4.1), and (4.4) describe the generation of the transmitted time-domain
signal in a single-transmitter OTFS system, where the entirety of the available
time-frequency resources are used by a single radar transmitter or communications
user. In this chapter, RCP-OTES is implemented in order to simplify radar processing.
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4.2.1. NU-OTFS TRANSMITTER MULTIPLEXING

For an extension to MU/MIMO case, the signals originating from different
users/transmitters must be separable at the receiver. Let us consider the critically
sampled received signal as presented in the previous chapters. The time-frequency
representation of the received signal is given by

Yrr = Fyvecyy, (1) 4.5)
and the delay-Doppler received signal is given by
Ypp = FEYTFFM (4.6)

which can also be written in the discrete delay-Doppler domain as [80]

N-1M-1 o
yoolk',I'1="Y_ > hlk',I'lexp (j—[l—l’lM[k’lN)
k!:() l!:() NM
alk, Nx[[k— Ky, (1-1TMm] (4.7
where
1 1 ifl'sl<M “8)
alk,ll= exp(—jZn%) ifosi<l' '

where [-]y and [-]p; denote modulo N and M operations respectively. This notation
highlights the effect of targets with amplitude h[k’,l'], delay k', and Doppler shift
I on the received signal, which appear as circular shifts of the transmitted symbols
in the delay-Doppler domain. Due to this shift in the delay-Doppler representation,
different communication users or radar transmitters can not be separated easily in
the delay-Doppler domain without prior channel knowledge. Alternatively, the signal
associated with different transmitters can be identified if non-overlapping sets of
time-frequency bins are assigned to each of them, as shown, e.g., in Fig. 4.2b. This
approach is common in MU/MIMO OFDM applications [64].

In OTES, the DD symbols are spread in the TF domain after the ISFFT in (4.1)
and (4.3); therefore, non-overlapping DD signals can overlap in the TF domain.
Some specific arrangements of DD symbols studied in the literature, such as block
division or interleaving in the DD domain, result in an interleaving or block division,
respectively, in the time-frequency domain [66]. These arrangements are specific
forms of the common time-division (symbol) or frequency-division (subcarrier)
multiplexing in MU/MIMO OFDM. Fig. 4.2a shows a delay-Doppler multiplexing of
two transmitters that, when represented in the time-frequency domain through the
standard ISFFT, correspond to subcarrier interleaving (see Fig. 4.2b). This can be
extended to 2D interleaved multiplexing, as seen in Figs. 4.2d and 4.2e. However,
interleaved frequency and time multiplexing reduce the non-ambiguous range and
Doppler, respectively, as depicted in Fig. 4.3. To maintain the total range-Doppler
unambiguous interval and transmitter separability in the TF domain, random TF
multiplexing is a common approach for OFDM radar. To accomplish quasi-arbitrary
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Figure 4.2: Depiction of multiplexing strategy in delay-Doppler representation,
standard interleaved multiplexing in time-frequency, and quasi-arbitrary multiplexing
in time-frequency with NU-OTES. (a) delay-Doppler representation of two multiplexed
waveforms; (b) interleaved multiplexing in the TF domain; (c) arbitrary multiplexing
across subcarriers in the TF domain with NU-OTFS. For 2D quasi-arbitrary
multiplexing: (d) four transmitters multiplexed in the delay-Doppler domain; (e)
interleaved 2D multiplexing in the time-frequency domain; (f) quasi-arbitrary 2D
multiplexing in the TF domain with NU-OTFS.

time-frequency multiplexing for OTES signals, a non-uniform ISFFT (NU-ISFFT) can
be defined by using non-uniform discrete Fourier transform (DFT) operators.
First, let X¥IMO be defined as

(1,1) (1,v'Nrx)
XDD ”' XDD
XMIMO _ . ) . (4.9)
DD : . :
X(V NTXYI) . X(V NTx:V NTx)
DD DD

where Xg’l')q) e CW/VR)xMIVN)  gre  the delay-Doppler messages associated to
different transmitters, and X¥pV© € CN*M js the OTFS MIMO frame for a monostatic
OTFS radar with Nty transmitters. For simplicity of notation, it is assumed that Nty
is a square number to assume equal distribution of the messages in the delay and
Doppler domain. This is not a necessary condition, as any non-prime number of
transmitters can be distributed in tiles across the delay-Doppler domain, or some
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Figure 4.3: Comparison of noiseless range-Doppler estimation with different MIMO
approaches with four transmitters. On the top, subcarrier interleaving causes a
reduction in the maximum unambiguous range. On the bottom, random multiplexing
reduces the dynamic range of the estimation.

time-frequency resources can be left unoccupied. Equation (4.3) can be altered
to design a mapping between Xpp and a TF representation with a quasi-arbitrary
TF occupancy pattern. This mapping is denoted here as the NU-ISFFT. For
transmitter nty, let &y, € {0,131 be a vector indexing the active subcarriers,

EMng, € {0, 13M1 a vector indexing the active time subsymbols, ._5\',’“) =diag{én np )
and EE\'}[T") = diag{&as,ny, ), then

(nry) _ =(n1x) (n1x) pH =(n1x)
X{mm) - g g x () pH = (4.10)
MIMO _ & < (nmy)
— Tx
X o= ) Xy @.11)
Nexe=1

where X,(F’ET") e CN*M s the sparse time-frequency representation of the signal
associated to the nrx-th transmitter, and XM™MO e CV*M js the time-frequency
representation of all the transmitters. In order to achieve arbitrary non-overlapping
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Figure 4.4: MIMO radar ambiguity function (AF) for NU-OTFS, with 16 transmitters
and N =1024, M =512. On the left, the angular AF shows that the angular spectrum
(distretized in angular hypotheses 6 is constant regardless of the target’s angular
position 8y. On the right, the range-angle AF shows no artifacts or ambiguities in
the delay estimation for the entire signal length.

time representations, it is necessary that

(fN,nTxfﬁ,nTx)G(fw,nfo«fﬁ,n,Tx)=0 V. onrx # npy (4.12)

where 0 is the Nx M all zero matrix. Equation (4.12) forces that no pair of
subcarrier-subsymbol is occupied by more than one transmitter. Uniform sampling
is performed in the subsymbol dimension if Z;; =1, and in the subcarrier if Zy =1.
The TF patterns arising from the NU-ISFFT are not truly arbitrary, but rather the
intersections of two one-dimensional arbitrary assignations of time and subcarrier
resources defined by &p ., and &y, respectively. The proposed multiplexing is
depicted in Fig. 4.2c for multiplexing across the delay/frequency domain and Fig.
4.2f for multiplexing across both the delay/frequency and Doppler/time domain.
Finally, the transmitted time-domain signal is obtained by applying the standard
Heisenberg transform to the new TF signal representation, substituting (4.11) in (4.4),

SMIMO _ v (FHXMIMO) (4.13)

The MIMO transmit ambiguity function (AF) (as defined in e.g., [60]) of the signal
in (4.13) is shown in Fig. 4.4. The MIMO AF shows constant amplitude regardless of
target position and no ambiguities or abnormal sidelobes in the range-angular cut,
showing no angle-dependent interference between transmitters.
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4.3. NU-OTFS RECEIVER
4.3.1. NU-OTFS MIMO RADAR RECEIVER

Consider a critically sampled received echo from a point target at relative azimuth
angle ¢, in an NU-OTFS MIMO system with Nty transmitters and Npx receivers
arranged in a one-dimensional array, with their positions given by dry € RV and
dgy € RVx*1 respectively. The steering vector

2n .
a(p) :==exp (] TdTX s1n(([))) (4.14)

with a(¢) € CN=*1 captures the direction-of-arrival dependent phase shift associated
to the position of the transmitters. Analogously, the angle-dependent phase shift at
each receiver is given by

27

b(¢) :=exp (deRxsin((/))). (4.15)

with b(¢) € CMNe*l Then the received signal at receiver ngx can be written as

NTx
OO = by, () Y A (p)vec (T FRAXYVOT) (4.16)
nrx=

where ntx and ngy denote the transmitter and receiver index respectively, and aj,,
and b, denote the steering vector entry associated with this index. Co-located
MIMO and far-field targets are assumed, and therefore the delay and Doppler shifts
associated to each transmit-receive pair are considered the same.

Similarly to (4.5), the TF representation of the signal at receiver npx is given by

Yiime = Bavecy, i) 4.17)
Henceforth, a single receiver is assumed and the ngpy suffix is omitted to simplify
notation. This can be done without loss of generality, as the process of receiving
and separating the different transmit signals is invariant to the number of receivers.
Each transmitted signal can now be separated in the receiver by
Y'(I‘rIlJTX) — EE\I;TX)Y%/{:IMOEEZTX) (4.18)
thus retrieving the signal associated to the nry transmitter, and completing the MIMO
implementation of NU-OTFS. Further steps involve the range-Doppler estimation in
each transmit-receive pair.

Regarding OTFS radar receivers, multiple options have been proposed in the
literature. A matched filter in the delay-Doppler domain is described in [28, 29],
which accomplishes high Doppler tolerance. However, it involves joint estimation
of range and Doppler, making its computational complexity prohibitive for typical
radar applications. Therefore, a radar receiver based on a spectral division in the
time-frequency domain [72] is chosen as an alternative. Although the chosen receiver
degrades for high Doppler shifts, its computation involves only DFT processing to
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effectively transform the spectral-normalized TF representation of the received signal
into the estimation domain. The implementation involves only the SFFT processing
and a symbol-wise division, and the range and Doppler estimations are assumed to
be decoupled. This estimation approach can be used together with non-uniform
subcarrier multiplexing to maintain the full unambiguous range estimation. Doppler
compensating approaches such as all-cell Doppler correction (ACDC) [23] can be
adapted to OTFS and used to exploit the increased maximum unambiguous Doppler
resulting from non-uniform multiplexing in the time (subsymbol) domain. Further
comparison between OTEFS radar receivers can be found in [72] and Chapter 3 in
this dissertation.

In order to implement the spectral-division-based receiver previously presented in
Section 3.3.2, the TF representation of the received signal is normalized with respect
to the phase of the transmitted TF representation

YR (1, m] = Y[, m] exp (— j ¥ [n, m]) (4.19)

where
Y(n, m] = LXreln, ml). (4.20)

for every [n,m] that fulfills ”;‘[n,m] #0. After spectral division, an IDFT is
performed over the columns and a DFT over the rows. This is the symplectic
finite Fourier transform (SFFT), i.e., the transform shown in (4.6). This receiver
normalizes the received signal in the time-frequency domain and transforms the
result into the delay-Doppler domain. If [z, f;] =1[0,0], Y4iy is an all-ones matrix,
and its delay-Doppler representation YdDi]‘? appears as a peak in [0,0]. For any other
pair of [7,,vp], the peak in YdDil‘? is displaced to the corresponding index in the
delay-Doppler plane.

4.3.2. ORTHOGONAL MATCHING PURSUIT (OMP)

Sparse reconstruction algorithms from Compressed Sensing (CS) are commonly used
to mitigate the loss in dynamic range when non-uniform sampling is used [83]. A
wide variety of algorithms with different performance and computational complexity
have been proposed in the literature. For the radar simulations in this chapter,
the Orthogonal Matching Pursuit (OMP) [84] algorithm is chosen, as it has shown
good performance in automotive radar scenarios [32, 58, 85, 86], while being one
of the least computationally expensive algorithms described in the CS literature.
For more information on the experimental comparison of OMP with other sparse
reconstruction algorithms in terms of computational complexity and performance,
we refer the reader to [85]. OMP is a greedy iterative algorithm that does not
require accurate knowledge of the number of targets in the scene. For N range
or M Doppler hypotheses, OMP estimates the matched filter response in each
channel as MF :=Afr;_;, where i is the iteration index, and rg =y. The sensing
matrix for range and Doppler estimation are defined as A; = [a'(71),...,a' (Ty)] and
A, =[aT(vy),...,a (vpp)] respectively, with

. 2r
a(r) :=exp (] ZnAfac—) (4.21)
0
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(4.22)

a(v) :=exp (j 271Tﬁvfc)

Co
where for a given transmitter, &« and f are vectors indexing the active subcarriers
and subsymbols, respectively, and 7 and v represent the delay and Doppler shift
hypotheses. For either range or Doppler estimation, the hypothesis n with the
highest model match is selected

kit := arg max AHrit_l. (4.23)

A partial sensing matrix is built in each iteration with the hypotheses ;i of A
selected in the current and previous iterations, such that ¥ = [ay,,...,ay,]. The
current estimate is calculated as

x=vly. (4.24)

the residual for the next iteration is rj,; = y—y, where y = ¥X. If stopping criteria are
not met, the algorithm iterates back to (4.23). A stopping condition is usually defined
as the residual power variation or a fixed number of iterations. The complexity of
the algorithm grows linearly with the number of iterations and the dimensions of the
sensing matrix. Therefore, for A€ C”*Q and k iterations the complexity is O(kPQ).

For radar data, it is possible to apply OMP for only range or Doppler estimation,
or sequentially for both. The following approaches to range-Doppler estimation are
defined for the sake of clarity.

° 2D-DFT: The range-Doppler map is calculated through standard IDFT
processing along subcarriers, and DFT along the subsymbols. Zero-filling
is used for the subcarrier-subsymbol pairs not occupied by the selected
transmitter.

* Hybrid-OMP: First, the Doppler estimation is performed through standard DFT
processing, followed by range estimation with OMP using A; as sensing matrix.
This approach is aimed at minimizing sidelobes in the range dimension, where
bright targets near the radar could mask far away targets.

° 2D-OMP: Range and Doppler estimations are performed sequentially with
OMP. The range estimation uses A; as the sensing matrix, whereas the Doppler
estimation uses A,. The approach offers the benefits of OMP in both range
and Doppler dimensions.

4.3.3. NU-OTFS MULTIUSER COMMUNICATIONS RECEIVER

One of the key advantages of the proposed NU-OTES is increased flexibility in
time-frequency allocation when multiplexing multiple communication users or when
operating in a crowded spectrum. When it comes to OTFS communication receivers,
multiple approaches have been proposed, such as the single-tap equalized, the
LMMSE receiver [87] and a message passing algorithm receiver [27]. In this
chapter, a standard LMMSE [88] receiver is used to validate the communications
performance of the proposed NU-OTFS. The LMMSE receiver is more Doppler
tolerant than the single-tap equalized receiver, and its adaptation to NU-OTEFS




52 4. NU-OTFS: MIMO OTFS wITH ARBITRARY TIME-FREQUENCY ALLOCATION

frames is relatively straightforward. Although the computational complexity is
O(N3M3), implementations exploiting channel sparsity in the delay-Doppler domain
with O(%Vlogzl\l) complexity have been proposed in [87]. Perfect knowledge of the
channel H is assumed, as channel estimation approaches are not considered in the
scope of this research. Assuming a noise variance 02, the LMMSE estimate of Xpp
is given as

Koo = HTH + 02 Iyn) TTHITY Y (4.25)

where Iyvy is the identity matrix of size MN x MN, and He CNM*NM g the
delay-Doppler channel matrix with as many non-zero elements in each row as
discrete delay-Doppler paths in the channel. The received signal from the nrx user
Ypp is retrieved by applying the inverse of the transform in (4.10), that is, the
NU-SFFT given by

YU = Qg gy = () (4.26)

More information about the structure of the delay-Doppler channel matrix and the
implementation of the LMMSE receiver for OTFS can be found in e.g. [88].

4.4, PERFORMANCE ASSESSMENT OF NU-OTES

In this section, a series of numerical simulations are performed to validate the
viability of NU-OTFS for radar and communications.

4.4.1. MIMO-OTFS RADAR PERFORMANCE EVALUATION

In this section, a numerical analysis of NU-OTFS radar performance under the
proposed MIMO configuration is performed. As OTEFS is particularly well suited
to communications in high mobility channels [89], the radar study is aimed at
automotive applications, where high Doppler shifts are common and Radcom
applications are gaining popularity. The waveform parameters displayed in Table 4.1
are chosen to match the standards in automotive applications (e.g., [7]).

Table 4.1: OTFS simulations waveform parameters

Parameter Symbol  Value
Number of delay bins N 1024
Number of Doppler bins M 512
Bandwidth B 1 GHz
Carrier frequency fe 77 GHz
Symbol duration T 1.02 ps
Intercarrier separation Af 977 kHz
Cyclic prefix duration Tep 1 ps

Communication Modulation =) QPSK
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Figure 4.5: Range cuts (a) on-grid targets and grid size of 3N, and (b) off-grid targets
and grid size of N. The signal-to-noise ratio is set to 20 dB.

The performance of the standard DFT-based spectral-division-based receiver is
compared to an implementation of the same receiver using OMP as a solver. While
OMP is a low-complexity algorithm, its performance in radar estimation is tied to
its ability to detect and remove high-power targets accurately. Fig. 4.5 shows the
dynamic range gain from using OMP in comparison to the straight correlation of the
model A with the received signal y (equivalent to standard DFT processing, as A
is a non-uniform DFT matrix). The full potential of the algorithm can be seen in
Fig. 4.5a, showing an improvement of around 60 dB when a very fine grid is used
in the estimation, and the targets are defined on it. For a more practical scenario,
with off-grid targets and a grid size of N, the dynamic-range improvement for the
proposed scenario is around 30 dB, as shown in Fig. 4.5b. Specifically, a grid size of
N for range estimation and M for Doppler estimation is used, with targets defined
off-grid. Scenarios in Fig. 4.5 are simulated with SNR =20 dB.

Fig. 4.6 shows the integrated sidelobe ratio (ISLR) change in a scene with one
target as the number of multiplexed transmitters increases. The ISLR is defined as




54 4. NU-OTFS: MIMO OTFS wITH ARBITRARY TIME-FREQUENCY ALLOCATION

% (2
\)

m
=,
=
w0 B |
R R PR ke +
%;o ST\ Y R— | I P :
= —-©—-FFT
- ol -—-Hybrid OMP |
2D-OMP
-20 - I | ‘ | : |
Number of transmitters
(a)

20
m
=,
o
=
w0
—
8
a
2100 7
A
£ 20| —©—FFT |
C% -—-Hybrid OMP
B 2D-OMP

-30 L L | ‘ ‘ ‘ ‘

5 10 15 20 25 20 .
Number of transmitters
(b)

Figure 4.6: ISLR for increasing number of transmitters and different estimation
algorithms. (a) ISLR in the range cut; (b) ISLR of the entire range-Doppler surface.

the ratio between the power in the main lobe of the estimation and the integrated
power of the sidelobes [90]. As the number of transmitters increases, the sparsity
level in the estimation of range and Doppler in each channel increases accordingly.
While this causes the ISLR to increase with the number of transmitters for all
approaches, there is a 10 dB gain in range-Doppler ISLR when OMP processing is
performed in the range dimension (hybrid-OMP), and up to 20 dB when OMP is used
to sequentially estimate both range and Doppler (2D-OMP). Moreover, OMP-based
approaches degrade visibly slower as the number of transmitters increases. A
more visual appreciation of the improvement in sidelobe level can be seen in Fig.
4.7, where a section of the range-Doppler map with four targets shows that the
hybrid-OMP (center) and 2D-OMP (right) have progressively lower sidelobes in both
range and Doppler when compared with the DFT processing (left).

The spatial spectrum in a simulated system with multiple transmitters and one
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waveform with four transmitters (i.e., sparsity rate of 25%). On the left, 2D-FFT
processing. In the center, hybrid OMP estimation. On the right, 2D OMP.
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Figure 4.8: Angular estimation of two targets. Comparison between NU-OTFS MISO
case with 36 transmitters and one receiver, and standard OTFS SIMO case with
one transmitter and 36 receivers. Good matching indicates orthogonality between
transmitters in the proposed NU-OTFS waveform.

receiver (MISO) is compared to the spatial spectrum of a SIMO system with one
transmitter and multiple receivers to validate the proposed MIMO implementation.
In both cases, the equivalent virtual arrays are uniformly spaced at A/2 distance,
and the spatial spectrum is computed using a discrete Fourier transform over the
elements. The comparison is shown in Fig. 4.8, where the MISO result closely
resembles the SIMO spectrum, indicating low interference between transmitters.
From this, it can be concluded that MIMO operation can happen with low
interference between channels. Therefore NU-OTES is a valid MIMO waveform when
paired with the proposed low-complexity spectral division receiver.

4.4.2. EXPERIMENTAL VALIDATION OF OTFS RADAR

In this section, experimental results of OTFS and NU-OTEFS radar are presented. The
data are gathered using the PARSAX radar [91]. Although PARSAX is a weather radar,
it is programmed to send an OTFS frame to measure a static target at 1185 meters
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Figure 4.9: PARSAX (left) and measured industrial chimney at approximately 1185
meters from the radar sensor (right).

distance (Fig. 4.9). The OTFS waveform parameters are shown in Table 4.2. A full
OTES frame is transmitted, and the sparse sampling in the time-frequency domain
is performed digitally in the acquired signal. This approach serves to evaluate the
radar performance of OTFS with experimental data for the first time, both with a
full and sparse sampling of the time-frequency resources, while also allowing for the
comparison of different multiplexing undersampling schemes.

In the measurements, we compare a fully sampled OTFS frame representing
single-transmitter operation with frames with partial time-frequency sampling,
simulating a single Tx channel in a MIMO system. For reference, we consider a
system with four-channel multiplexing and thus the acquisition of 25% of samples
of the full frame. First, we consider interleaved MIMO, where the transmitters are
multiplexed through sequential allocation of time-frequency resources (labeled as
sparse sequential), such as the example depicted in Fig. 4.2e. Furthermore, we
consider a second approach where multiplexing is achieved through quasi-random

Table 4.2: OTFS measurement waveform parameters

Parameter Symbol Value
Number of delay bins N 1024
Number of Doppler bins M 26
Bandwidth B 40 MHz
Carrier frequency fe 3.315 GHz
Symbol duration T 25.6 us
Intercarrier separation Af 39.06 kHz
Cyclic prefix duration Tep 12.8 us

Communication Modulation =) QPSK
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Figure 4.10: Measured DFT-based range profile comparing a full OTFES single-
transmitter frame with partially sampled frames for transmitter multiplexing.
Sequential multiplexing reduces non-ambiguous parameter estimation, while NU-
OTFS random multiplexing reduces the dynamic range.
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Figure 4.11: Measured DFT-based Doppler profile comparing a full OTFS single-
transmitter frame with sparse sampling for transmitter multiplexing.

sparse time-frequency allocation (labeled as sparse random), which is depicted in
Fig. 4.2f and representative of NU-OTFS radar operation. Full frame estimation
(100% sample acquisition) is used for reference. The estimation of radar parameters
is performed using the same receiver as in the numerical validation in the previous
section.

The DFT-based range estimation with the described sampling patterns is shown
in Fig. 4.10, where the trade-off between sequential and arbitrary multiplexing
in time-frequency can be clearly observed. Sequential sparse sampling of the
time-frequency domain results in a dynamic range comparable to the fully sampled
frame but a reduction in the unambiguous parameter estimation, as made clear
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Figure 4.12: Measured NU-OTES range profile (sparse random) with standard DFT
approach versus OMP-based reconstruction. OMP increases the dynamic range to
levels comparable to full-frame measurements.

by the appearance of a ghost target in the range domain. On the contrary,
random sparse time-frequency patterns reduce the dynamic range under DFT
processing but are able to achieve the same unambiguous parameter estimation
as the single-transmitter signal. The same effect can be seen in the Doppler
estimation shown in Fig. 4.11, where the sequential multiplexing MIMO waveform
shows ambiguity at the end of the spectrum, whereas the random time-frequency
multiplexing shows a reduction in the dynamic range of the estimation.

In section 4.4.1 it was shown with simulations that sparse reconstruction algorithms
(specifically, OMP) can help mitigate the dynamic range loss by using sparse
sampling approaches. The results of applying OMP to the NU-OTFS waveform are
shown in Fig. 4.12, where the DFT estimation of the randomly multiplexed NU-OTFS
signal is compared to the output of OMP. It can be seen that by using OMP,
the achieved dynamic range matches the noise floor in the full-frame estimation
(Fig. 4.10). These experimental results show that NU-OTES paired with sparse
reconstruction algorithms can achieve comparable dynamic range to fully sampled
OTEFS frames while being able to multiplex multiple transmitters, thus validating the
numerical results for NU-OTFS radar operation presented above.

4.4.3. MU COMMUNICATION PERFORMANCE EVALUATION

To evaluate the communications performance of the proposed MU/MIMO approach,
an LMMSE detector [88] is used for an OTFS communication frame propagating
through a 3GPP standard Extended Vehicular A (EVA) [82] model channel with
Ntaps =9, and complex gains h; for i € {1,..., nwps} modeled as independent Rayleigh
fading random variables. The Doppler associated to each tap is sampled from a
uniform distribution of shifts in [0 vmax], With

AVimax

fo, (4.27)

Umax = c
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Figure 4.13: Bit error rate for different values of SNR. Standard 3GPP EVA-2 channel
used with nine taps and Rayleigh fading. UE speed is sampled for each tap from a
uniform distribution between 0 and 100 kph.
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Figure 4.14: Bit error rate versus different distributions of UE speed. Standard 3GPP
EVA-2 channel with seven taps, Rayleigh fading, and SNR =20 dB. UE speed is
sampled for each tap from a uniform distribution between 0 and the maximum
value.

where vy is the maximum UE speed considered. Fig. 4.13 shows the bit error rate
(BER) values for different subcarrier allocation patterns and increasing SNR values.
The results are the average of 10000 Monte Carlo simulations with different noise,
fading, and user equipment (UE) speed realizations (vimax = 100kph). The UE speed
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Figure 4.15: IQ distribution of the recovered symbols after an LMSEE receiver in an
EVA-2 channel with SNR of 20 dB and maximum UE speed of 100 kph.

value for each Monte Carlo is sampled from a uniform [0 vyax] distribution. Random
subcarrier allocation is compared to OTFS state-of-the-art interleaved allocation
and single Tx performance with no multiplexing. Additionally, a stochastic search
accross all channel realisations was used to find generally well-performing subcarrier
allocation patterns in terms of BER. One of these selected patterns is used for
comparison. In all cases, parameters are sampled from continuous distributions;
therefore, off-grid error is present and uncompensated. For methods to mitigate the
effects of off-grid error, see e.g. [92].

The simulations show that random subcarrier allocation results in a significant
degradation in BER with respect to both the single-user/SISO radar case and the
state-of-the-art suggested interleaved subcarrier multiplexing. After closer inspection
of the results, it is observed that the BER depends on the chosen subcarrier
allocation pattern. Well-performing non-uniform subcarrier allocation patterns from
the simulations are selected, and their performance is evaluated. It can be seen that
the BER for realistic operating SNR values (i.e., in [15 40] dB [82]) of this pattern,
labeled as Fixed in Fig. 4.13, closely matches the values of the interleaved pattern,
only showing significant differences as SNR increases above realistic values. This
validates the viability of the proposed NU-OTFS waveform for user multiplexing.
The relatively high BER for all SNR values is attributed to a combination of a
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realistic EVA-2 channel, combined with unmitigated off-grid errors present in all
simulations. Further study of the potential benefits of the added time-frequency
allocation flexibility in NU-OTFS communications in partially interfered channels
is left for future work, although similar approaches studied in the framework of
cognitive radio have shown increased performance in comparable waveforms such
as OFDM [93]. A comparison between the same set of patterns for increasing values
of Vinax is shown in Fig. 4.14, indicating that the chosen fixed subcarrier assignation
pattern outperforms the random pattern, and maintains the Doppler tolerance of
the interleaved and single-user/SISO radar case.

Fig. 4.15 shows the estimated received QPSK constellations for the same
multiplexing patterns and channel conditions at SNR =20dB, indicating that the
interleaved-multiplexing constellation resembles the single-user constellation closely.
The QPSK received constellation using the fixed distribution is more spread than the
interleaved approach. Still, the symbols can be easily associated to each quadrant
instead of the entirely random approach.

4.5, CONCLUSIONS

This chapter has investigated the problem of OTFS ISAC under the requirement of
non-uniform allocation of time-frequency resources for multiplexing in MU/MIMO
applications and has introduced a novel waveform, NU-OTFS, that enables
quasi-arbitrary allocation while preserving the core delay-Doppler structure of OTES,
allowing for more flexible multiplexing schemes. NU-OTFS generalizes and extends
previously proposed OTFS multiplexing strategies by using the NU-ISFFT to convert
the delay-Doppler symbols into a non-uniform time-frequency frame, thereby
unlocking a degree of scheduling freedom that conventional OTFS cannot provide.

Comprehensive numerical simulations and over-the-air radar measurements
demonstrate the added value of this flexibility. For radar, NU-OTFS achieves a larger
unambiguous Doppler and range window with a manageable side-lobe level when
paired with hybrid 1D or 2D sparse estimation, directly addressing the issues with
sequential and block-wise OTFS time-frequency multiplexing. For communications,
realistic vehicular-channel simulations confirm that the symbol spreading introduced
by non-uniform sampling leaves BER essentially unchanged in 5G/6G SNR regimes.
Moreover, NU-OTFS shows the same performance in high-mobility scenarios as
the interleaved and single-user full-frame approach. Taken together, these results
establish NU-OTFS as a performance-enhancing alternative to OTFS ISAC systems
whenever fine-grained time-frequency resource allocation is needed for interference
avoidance or for extending radar sensing limits.







DESIGN OF TIME-FREQUENCY
ALLOCATION PATTERNS FORMIMO
NU-OTFS

“The mind was dreaming. The world was its dream.”
— Jorge Luis Borges

In this chapter, the performance of MIMO non-uniform orthogonal time-frequency
space (NU-OTFS) radar with a high number of transmitters and limited spectral and
temporal availability is investigated. NU-OTFS enables the implementation of OTFS
communications with quasi-arbitrary distribution of time and frequency resources,
increasing the usability of OTFS in spectrally congested scenarios. Moreover, the
non-uniform sampling of time and frequency is beneficial for radar performance, as
no decrease in resolution or unambiguous parameter estimation occurs. However,
radar performance is dependent on the specific time-frequency sampling pattern. This
work proposes an optimization framework based on the sidelobe level minimization
of the joint ambiguity function of all the operating transmitters. Results show that a
substantial sidelobe cancellation can be achieved with specific time-frequency patterns,
resulting in viable radar systems with many transmitters in low spectral and temporal
availability scenarios.

Parts of this chapter have been published [94]
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5.1. INTRODUCTION

In this chapter, the work in the previous chapter and [70] is extended by proposing
an optimization strategy for the non-uniform patterns that arise in NU-OTES for
time-frequency multiplexing. We introduce an optimization framework targeting the
joint ambiguity function resulting from the incoherent integration of the range and
Doppler estimation with multiple transmitters. Incoherent integration is chosen to
enable joint detection before direction-of-arrival estimation. Joint design of sparse
sampling schemes has found success in other radar applications, such as in [59, 86],
where optimization of a joint ambiguity function is used to jointly design arrays in
multiple incoherent radar sensors.

As further motivation for the proposed approach, sparse reconstruction algorithms
based on group-sparsity [95] can be used to integrate sets of incoherent estimations,
and their performance is dependent on a low correlation between the hypotheses
of a block-sparse model defined by the sampling scheme (equivalent sidelobe level
minimization in the joint ambiguity function). Therefore, the proposed metric is
well-tailored for sparse reconstruction algorithms, typical for non-uniformly sampled
radar estimation problems [85]. The proposed approach also extends the work in
[34] as it tackles the optimization of the 2D joint ambiguity function instead of only
subcarrier allocation. In this work, we leverage the low-rank structure of the patterns
that arise in NU-OTFS to reduce the number of optimization variables and make the
problem simple to extend to the 2D case.

The remainder of the chapter is structured as follows. Section 5.2 presents
the signal model and receiver for MIMO NU-OTFS radar. Section 5.3 describes
the proposed optimization framework based on the joint range-Doppler ambiguity
function. Section 5.4 presents a parametric study using the proposed optimization
framework for NU-OTFS radar systems considering different amounts of transmitters
and spectro-temporal availability. A chapter summary is given in Section 5.5.

5.2. NU-OTFS MIMO RADAR

In this section, the signal model for NU-OTFS MIMO radar is presented. For more
details on the derivation of NU-OTFS from the standard OTFS signal model, we refer
the reader to [70]. Consider a MIMO OTFS radar system transmitting a message
XMIMO ¢ CN*M defined in a N x M delay-Doppler grid, with N delay bins and M
Doppler bins

(1,1) (1,vN1x)
XDD XDD
XMIMO _ . .. . G.1)
DD : . :
X(V NTxyl) e x(\/ NTxr \% NTx)
DD DD

where Xgl')q) e CINWNxMIVN) - gre  the delay-Doppler messages associated to
different transmitters, and X}MO € CV*M s the OTFS MIMO frame for a monostatic
OTFS radar with Np¢ transmitters. As in the previous chapter, it is assumed that
Nrx is a square number to assume equal distribution of the messages in the delay
and Doppler domain. This condition is not necessary, as any non-prime number



5.2. NU-OTFS MIMO RADAR 65

of transmitters can be distributed in tiles across the delay-Doppler domain. An
example of this symbol arrangement in the delay-Doppler domain is shown in Fig.
4.2d. A mapping between Xpp and a TF representation with a quasi-arbitrary
TF occupancy pattern can be achieved. This mapping is denoted here as the
non-uniform symplectic finite Fourier transform (NU-ISFFT). For transmitter nty, let

&N, €10, 11V*1 be a vector indexing the active subcarriers, &, ,p, € {0, 1M*1 3 vector
indexing the active time subsymbols, EE\’;TX) = diag{é N, ny, ), and Eg\’f") = diagié m,np )
then
(n1x) _ ':t(nTx) (ntx) gH v:l(nTx)
g =2y ENXpptFy By (5.2)
NTX (1)
— T:
Xrp= ) Xip* (5.3)
=1

where Fy € CV*N and Fy e CM*M are normalized Fourier transform matrices.

(’]l:T") e CV*M s the sparse time-frequency representation of the signal associated to
the nry-th transmitter, and XYEMO € CV*M s the time-frequency representation of
all the transmitters. To achieve arbitrary non-overlapping time representations, it is

necessary that
(: &l )o(z &r =0 V ! 5.4
N, 1x$ M, npy N S ) = nrx # Npy (5.4)

where 0 is the Nx M all zero matrix. Equation (5.4) forces that no pair of
subcarrier-subsymbol is occupied by more than one transmitter. Uniform sampling
is performed in the subsymbol dimension if E); =1, and in the subcarrier if Zy =1
The TF patterns arising from the NU-ISFFT are not truly arbitrary, but rather the
intersections of two one-dimensional arbitrary assignations of time and subcarrier
resources defined by &y, and &y, ., respectively. A standard OTFS modulation
approach of (5.1) would give rise to an interleaved TF pattern, as shown in Fig. 4.2e,
whereas the NU-OTFS approach results in non-uniform TF patterns like the one
depicted in Fig. 4.2f. Finally, the Heisenberg transform converts the TF signal into
the time domain for transmission.

s = vec (FyXrF) (5.5)

Consider now an echo from the signal described in (5.5) from a point target at
relative azimuth angle ¢, in an NU-OTFS MIMO system with Ny transmitters and
Npx receivers arranged in a one-dimensional array, with their positions given by
dry € RN1 and dgy € RV®»*! respectively. The steering vector

2T .
a(¢) :=exp (] TdTX sm((p)) (5.6)

with a(¢) € CN=*! captures the direction-of-arrival dependent phase shift associated
with the position of the transmitters. Analogously, the angle-dependent phase shift
at each receiver is given by

2
b(¢) := exp (j%de sin(gb)). 5.7)
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with b(¢) € CM*1, Then by adding (5.6) and (5.7) to the SISO range-Doppler signal
model presented in Chapter 3, the received signal at receiver ngx can be written as

NTX
MO = by, (9) ) (Ve (T FRAXy; VO ) (5.8)
nyx=

where n1x and ngyx denote the transmitter and receiver index respectively, and a;,,
and by, denote the steering vector entry associated with this index. Co-located
MIMO and far-field targets are assumed; therefore, the delay and Doppler shifts
associated with each transmit-receive pair are considered the same. The TF
representation of the signal at receiver npy is given by

MIMO -1 MIMO
YTF,nRX = FNvechM(rnRx ) (5.9)
Henceforth, a single receiver is assumed, and the npy suffix is omitted to simplify
notation. This can be done without loss of generality, as receiving and separating the
different transmit signals is invariant to the number of receivers. Each transmitted
signal can now be separated in the receiver by

(n1x) _ ':("Tx) MIMO:!("TX)
YTF =N YTF =M (5.10)

thus retrieving the signal associated to the nyy transmitter, and completing the MIMO
implementation of NU-OTFS. Further steps involve the range-Doppler estimation in
each transmit-receive pair.

Regarding OTFS radar receivers, multiple options have been proposed in the
literature. In this work, a radar receiver based on spectral division in the
time-frequency domain is used. The implementation involves only the SFFT
processing and a symbol-wise division. This estimation approach can be used with
non-uniform multiplexing to maintain the full, unambiguous parameter estimation.
A discussion about the properties of the existing receivers for OTFS can be found in
[72].

As in the previous chapters, we use the spectral-division-based receiver for radar
parameter estimation. The received signal is normalized by the phase of the
transmitter TF signal

Y[ m] = Y1, m] exp (—j¥[n, m]) (5.11)

where
Y(n, m] = LX1r[n, m). (5.12)

for every [n,m] that fulfills "‘Fx[n, m] #0. After phase normalisation, SFFT is
performed to represent the signal in the delay-Doppler domain. If [z, fz] =[0,0],
Y4iv is an all-ones matrix, and its delay-Doppler representation Ygila appears as a
peak in [0,0]. For any other pair of [7,,vpl, the peak in YdDile is displaced to the

corresponding index in the delay-Doppler plane.
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Figure 5.1: Joint range ambiguity function cut for Nt =121, N =256, M =256, and
§=0.75. The dotted curves represent the ambiguity functions of each transmitter.
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Figure 5.2: Joint Doppler ambiguity function cut for N7, =121, N =256, M = 256,
and §=0.75. The dotted curves represent the ambiguity functions of each
transmitter.

5.2.1. JOINT AMBIGUITY FUNCTION FOR NU-OTFS MIMO RADAR

Based on the previously presented receiver, a joint range-Doppler ambiguity function
(AF) can be formulated to be used as a reference for optimizing the transmitter
time-frequency resource allocation. To formulate the range-Doppler AF associated
to each transmitter, the range and Doppler sensing matrices associated to the
estimation process are defined as A; = [a] (11),...,al (tx)] and A, = [al(v}),...,al (vy)]
respectively, with

2
al"™ (1) := exp (j 2x At C_r) (5.13)
0
al"™ (v) := exp (j 27T ) Vc—fc) (5.14)
0

where for a given transmitter, &« and f are vectors indexing the active subcarriers
and subsymbols, respectively, and 7 and v represent the delay and Doppler shift
hypotheses. The vectors &« and f can be synthesized directly from &y ., and &y,
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Figure 5.3: Joint range-Doppler ambiguity function cut for Nr, =121, N =256,
M =256, and S =0.75.

for each transmitter as the index of their non-zero entries. The ambiguity functions
associated with the estimation process are defined as

AR (7 — 10 = Alla, (0) e VN (5.15)

AR (y —y ) = Alla, (0) e VM (5.16)

for range and Doppler, respectively. Next, we can leverage the fact that the time
allocation for each transmitter is constant in every subcarrier in which it is active
(and, equivalently, the subcarrier allocation pattern is static for each time in which
the transmitter is active) to formulate the range-Doppler ambiguity function for a
given transmitter as

ABU™ (7 = 71ep), (V = Vyep)) = AF(T — Tre) TAF(V — Viep) (5.17)

For conciseness, we will refer to AF (T — Tref), (V — Vye)) € CN*M as AF(1,v) henceforth.
Finally, when considering all the transmitters in our MIMO system, we define the
joint incoherent range-Doppler AF as

Nrx
AF(1,v):= Y |AF"(7,v)|ecVM (5.18)

nrx=1

The joint ambiguity function in (5.18) simply integrates the individual ambiguity
functions associated with each transmitter’s waveform. In this integration, effects
such as sidelobe cancellation and mainlobe sharpening can be achieved with
the careful design of the sampling schemes associated with each transmitter that
generates the individual AFs, as shown in Figs. 5.1 and 5.2.
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5.3. TIME-FREQUENCY PATTERN OPTIMIZATION

This section presents the optimization approach of time-frequency sampling patterns
for NU-OTFS under spectral constraints. The optimization goal is to minimize
the peak sidelobe ratio (PSR) of the joint ambiguity function associated with each
time-frequency sampling pattern. This metric is selected instead of the ISLR because
for a given sparsity level in the TF pattern, the total energy in the sidelobes
(affecting ISLR) remains close to constant, while the distribution of this energy varies
considerably. The cost function is given by

min ferr (€N, Em) (5.19)

SNMm

where fsi1, (f N,f M) is a function that returns the sidelobe level (SLL) of the joint AF
defined in (5.18). The vectors &y € RN*1:[0 Np] and &y € RM*1: [0 Npy are real
valued versions of the time-frequency pattern vectors. The values of f N and f M are
mapped to specific transmitters based on the amplitude, so &y, and {n,,,, can be
generated. Additionally, several constraints are imposed on the problem:

1. No overlap is allowed between time-frequency resources assigned to different
transmitters to ensure transmitter separability at reception

T T
(fN,nTXEM,nTX) © (EN'H’IFXEMJL}X) =0 VYV np#ng, (5.20)
2. Each transmitter is assigned the same amount of time and frequency resources
as the rest,
NN nrlleg = 18n,m Nley ¥V nrx# Ny (5.21)
1€ ns,n1, Nl = ||§M,n/Tx||£0 Vo onry# ngy (5.22)

3. The total amount of time and frequency resources used by all the transmitters
in the system is limited by the spectro-temporal availability given by S:[0 1],
with increasing values of S indicating an increasing percentage of unavailable
spectro-temporal resources in the band. It can be written as

Nrx
Y Iénnglle, <A=9N (5.23)

nrx=1

Table 5.1: OTFS waveform parameters

Parameter Symbol Value
Number of delay bins N 256
Number of Doppler bins M 256
Bandwidth B 0.25 GHz
Carrier frequency fe 77 GHz
Symbol duration T 1.02 us
Intercarrier separation Af 977 kHz

Communication Modulation =) QPSK
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Figure 5.4: Histograms showing the distribution of the peak-to-sidelobe ratio (PSR) in
the range-Doppler ambiguity function for 50000 iterations of random time-frequency
allocation patterns. In this example, N =256, M =256, and S =0.
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Figure 5.5: Histograms showing the distribution of the peak-to-sidelobe ratio (PSR) in
the range-Doppler ambiguity function for 500000 iterations of random time-frequency
allocation patterns. In this example, N =256, M =256, and N7, =36

NTx
Y Emnplle, = 1-S)M

nrx=1

(5.24)

A global optimization algorithm, namely, simulated annealing [96], is used to
find candidate patterns. Simulated annealing has proved helpful in solving similar
problems, such as array design [59] for MIMO radar.

Minimizing the SLL (or PSR for peak-sidelobe ratio) promotes sidelobe cancellation
to maximize the PSR in the joint AE Some exemplary results of the optimization
showcasing the effect of sidelobe cancellation can be seen in Fig. 5.1 and Fig. 5.2
for range and Doppler cuts, respectively. It is shown that the resulting peak sidelobe
level in the joint AF is considerably lower than in the AFs of individual transmitters.
A section of the resulting 2D joint AF is shown in Fig. 5.3, indicating that the
sidelobe-cancellation effects extend to the rest of the range-Doppler hypotheses.

As the 2D patterns in NU-OTFS arise from the two vectors &x and &, not only
is the range-Doppler AF simple to calculate as in (5.17), but also the number of
optimization variables is reduced to N+ M, instead of the expected NM variables for
entirely arbitrary 2D patterns. This reduction in dimensionality and computational
cost of the goal function enables the optimization of 2D patterns while keeping a
similar complexity to 1D pattern optimization.
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Figure 5.6: Achieved PSR after optimization for an increasing number of transmitters
and different values of S.

0 T T T T
-%x- Ny, = 225 XL
il Ny = 100 }3(
-—+- NTz =64 ’ :::: _::
5| |-6-Nr, =36 ,c(#... o
D
- % -NTZ =16 * ﬂ A

-10

Peak-to-Sidelobe Ratio [dB]

1
—_
ot

0 20 40 60 80 100
Unavailable resources (%)

Figure 5.7: Achieved PSR after optimization for an increasing value of S and different
amount of transmitters.

5.4. OPTIMIZATION-BASED PARAMETRIC STUDY

This section presents a parametric study of time-frequency allocation patterns for
an exemplary NU-OTFS waveform. The static parameters of the waveform under
study are shown in Table 5.1. It is assumed that resource allocation is even among
transmitters (all transmitters are assigned the same amount of time and frequency
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resources). Additionally, when part of the spectro-temporal resources are unavailable
(§>0), it is assumed that only (1—-S)N subcarriers and (1 -S)M subsymbols are
available to be occupied by the NU-OTFS waveform.

First, the distribution of the cost function values (namely, the sidelobe level of
the joint ambiguity function) for random realizations of time-frequency patterns
is studied. Fig. 5.4 shows the distribution of PSR for random realizations of
time-frequency patterns and an increasing amount of transmitters. It can be seen
that for a low number of transmitters, most patterns offer a comparatively low SLL.
As the number of transmitters increases, the best patterns are less likely to occur,
increasing the potential benefits of pattern design. Interestingly, the spread is wider
for an intermediate number of transmitters than for a very high number. Fig. 5.5
shows similar results but for an increasing amount of unavailable resources. The
expected PSR increases as the value of S increases due to the reduction in available
spectral resources. The distribution widens noticeably for values around S < 0.5, but
the best achievable PSR values are reduced by less than 2 dB, making time-frequency
pattern design more critical.

Next, the proposed optimization framework is used to minimize the sidelobe
level in the joint ambiguity function for various values of transmitters and spectro-
temporal availability. Fig. 5.6 shows the evolution of the PSR for an increasing
number of transmitters after optimization. For a low number of transmitters,
the increase in achievable PSR is relatively rapid with respect to the number
of transmitters. This effect is even more pronounced for low spectro-temporal
availability. As the number of transmitters increases to higher values, the degradation
of the PSR becomes less severe, suggesting that in MIMO radar systems where a
high baseline number of transmitters is required, the total amount is much less
significant to the overall performance than the amount of spectro-temporal available
resources. The parametric study of optimized time-frequency patterns for increasing
values of S, depicted in Fig. 5.7, shows that the rate of degradation of the PSR value
increases significantly for values of S > 0.6, regardless of the number of transmitters.
Moreover, it appears that an increase in the number of transmitters results in a loss
of PSR that is not strongly dependent on the spectro-temporal availability.

5.5. CONCLUSIONS

This chapter has, for the first time, quantified and optimized the scalability of
NU-OTFS MIMO radar to a high number of transmitters under spectro-temporal
constraints. A new low-complexity optimization framework, built around the
range-Doppler joint ambiguity function and leveraging the low-rank structure of
NU-OTEFS time-frequency occupation patterns, keeps the computational complexity
low while preserving near-optimal sidelobe suppression. The resulting patterns are
well suited to sparse reconstruction, as minimizing the sidelobe level after incoherent
integration is equivalent to minimizing the maximum correlation between hypotheses
in the sensing matrix for joint range and Doppler estimation. Parametric studies
with an exemplary NU-OTFS waveform have shown the scalability of NU-OTES
MIMO radar to various scenarios with diverse quantities of transmitters and
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spectro-temporal availability. Together, these insights and the proposed optimization
framework bridge the gap between theoretical multiplexing flexibility and large-scale
practical deployment, making NU-OTFS a compelling architecture for dense ISAC
networks.







EXPERIMENTAL VALIDATION OF
NU-OTFS MIMO RADAR

“Experience is merely the name men gave to their mistakes.”
— Oscar Wilde

In this chapter, we present an experimental validation of MIMO non-uniform or-
thogonal time-frequency space (NU-OTFS) radar based on polarimetric measurements.
NU-OTFS enables the implementation of OTFS communications and radar with
non-overlapping quasi-arbitrary representations in the time-frequency domain, which
can be advantageous for MIMO radar and multi-user communications. Non-uniform
sampling of the time-frequency plane is helpful for MIMO radars to ensure transmitter
separability without reducing non-ambiguous parameter estimation. The viability of
NU-OTFS for MIMO radar is validated in a real polarimetric system by showing that
different non-overlapping time-frequency representations of NU-OTFES can be separated
in a receiver with prior knowledge of the transmit pattern, thus enabling MIMO radar
implementations. As non-uniform sparse sampling is a form of Compressed Sensing,
the measurements are validated through sparse-reconstruction algorithms.

Parts of this chapter have been published in [97]

75
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Figure 6.1: Depiction of multiplexing strategy: (a) Four transmitters multiplexed in
the delay-Doppler domain; (b) interleaved 2D multiplexing in the time-frequency
domain; (c) quasi-arbitrary 2D multiplexing in the TF domain with NU-OTES.

6.1. INTRODUCTION

In the previous chapters, numerical simulations show that NU-OTFS enables
quasi-arbitrary occupation of the time-frequency grid while achieving a similar
communication performance and Doppler tolerance as OTFS. The performance
was, however, demonstrated only for the single Tx case on simulated and
semi-experimental data.

In this chapter, we extend the numerical work presented in chapters 4 and 5, as
well as [70] and [94], with the first experimental validation of the MIMO capabilities
of NU-OTES through polarimetric measurements. The MIMO principle of channel
separation in the receivers is validated by observing the polarimetric response of
two non-overlapping NU-OTFS frames transmitted simultaneously in orthogonal
polarizations. Furthermore, sparse reconstruction algorithms are tested on the
measurements to explore their compatibility with the waveform. The remainder of
the chapter is structured as follows: Section 6.2 briefly introduces a signal model
for MIMO NU-OTFS radar. Section 6.3 describes the experimental approach used
and discusses the results from the experimental campaigns. A chapter summary is
presented in Section 6.4.

6.2. NU-OTFS MIMO RADAR

Consider a MIMO OTFS radar system transmitting a message X0 € CV*M defined
in a N x M delay-Doppler grid, with N delay bins and M Doppler bins, in which
the delay-Doppler messages associated to each transmitter are arranged as shown in
Fig. 6.1. A mapping between Xpp and a TF representation with a quasi-arbitrary TF
occupancy pattern can be achieved via the non-uniform inverse symplectic finite
Fourier transform (NU-ISFFT) [70]. For transmitter nry

X(I‘rll:TX) — ES\’;T)() FNX(DHSX) FI]—\EIEE\ZTX) (6 1)

where Fy € CV*NV and Fy € CM*M are normalized Fourier transform matrices,
and Eg\',m‘) and EE\ZT") are diagonal matrices indexing the active subcarriers and
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subsymbols respectively. X(T';T") e CV*M g the sparse time-frequency representation
of the signal associated with the nrx-th transmitter, as depicted in Fig. 6.1c. The
Heisenberg transform converts the TF signal into the time domain for transmission:

s = vec (FEX(T'{:TX)) 6.2)
The discrete time-domain signal s € CVM*! is transformed to the analog domain
with a digital-to-analog converter (DAC) before undergoing 1/Q modulation to the
desired carrier frequency. Equations (6.1) and (6.2) are for the general MIMO case.
In this chapter, we use the same formulation to separate polarimetric channels,
using the non-uniform TF representations to separate the transmission of V and

H polarizations. The received signal after illuminating a scene with K targets
characterized by a path delay T and Doppler shift f; can be written as

K
rv(t) =Y (awrsv(t—T0) + @y esu(t - 75))
i 6.3)

exp (j27 fy 1) + wy

K
ra(0) =) (aunksa(t—7K) + av sy (£ —Tk)
k=1 (6.4)
exp (j2m faxt) + WH

where sy (f) and sy (t) are the transmitted time signals in the vertical and horizontal
polarization channels, respectively, and « is the complex amplitude associated with
the target for each polarimetric channel; w is additive white Gaussian noise. The
TF representation of the signal for the vertically polarized receiver after sampling is
given by
Y(V) =F -1

F = ENVECx, TV (6.5)

Each transmitted signal -polarimetric channel in this case- can now be separated in

the receivers using the known time-frequency patterns; e.g., the VV (co-polar) and
HV (cross-polar) channels can be extracted by

— =Wy z)
YW =e(yWal (6.6)

(HV) _ = H)y (V) m(H)
YV = 2y =d 6.7)

respectively, thus retrieving the signal associated to the nyx transmitter, and
completing the polarimetric implementation of NU-OTFS. Superscripts in Eﬁvw and
EE&D have been changed w.r.t. (6.1) to reflect the polarization of the signals. HH and
HV components can be extracted analogously to (6.5) - (6.7).

For range-Doppler estimation, the radar receiver based on the phase normalization
in the time-frequency domain is used for radar estimation. The implementation

(e.g., to extract the HV channel) involves a symbol-wise phase normalisation

YV [n,m) =Y [n, mlexp (- j¥" [n, m)) (6.8)
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Figure 6.2: Slices of transmitted and received signals in the time-frequency domain:
(a) and (b) show the transmitted signals in the V and H channels, respectively, and
(c) shows the received signal in the V channel, with some cross-polar components.

where
YH 0, m) = £(XF(n, m)). (6.9)

After spectral division, the SFFT is performed to extract the delay-Doppler map. This
estimation approach can be used jointly with non-uniform multiplexing and a repeat
CP-OTES structure to maintain the full unambiguous parameter estimation at low
computational complexity [72].

6.3. EXPERIMENTAL VALIDATION

This section presents experimental results of NU-OTFS polarimetric radar to validate
the MIMO principle of channel separability. The data are gathered using the PARSAX
radar [91], a polarimetric weather radar. The system and measured scenario is
the same as the one used in Chapter 4, Fig. 4.9. Two NU-OTFS waveforms
with non-overlapping time-frequency representations are sent simultaneously in two
orthogonally polarized Tx channels and received in two polarimetric receivers. With
this setup, the received signal for a given polarization can be filtered using the known
transmit patterns. The objective is to extract the full polarimetric matrix of the target
with a single frame measurement, which would verify the MIMO capabilities of the
proposed waveform. In this test, polarization takes the role of spatial diversity in
what would be a more traditional MIMO radar system. The waveform parameters
are shown in Table 6.1. The received signal is filtered using the known transmit
matrices, and range and Doppler are estimated through standard DFT processing
and the Orthogonal Matching Pursuit (OMP) sparse reconstruction algorithm.

6.3.1. RESULTS

As the main goal of this study is to validate the MIMO capabilities and channel
separability of simultaneous transmission of NU-OTFS waveforms, we focus not
only on the radar estimation but also on the visualization of the transmit and
receive signals in different points of the system. A crop of the time-frequency
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Table 6.1: OTFS measurement waveform parameters

Parameter Symbol Value
Number of delay bins N 1024
Number of Doppler bins M 26
Bandwidth B 40 MHz
Carrier frequency fe 3.315 GHz
Symbol duration T 25.6 us
Intercarrier separation Af 39.06 kHz
Cyclic prefix duration Tep 12.8 us
Communication Modulation (=) QPSK
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Figure 6.3: Zero-Doppler cut of the range-Doppler estimation in the V channel for
the HH and VH components. Both components can be separated as they appear in
non-overlapping time-frequency patterns, and the HH component matches with the
non-polarimetric measurement, indicating good separability in the time-frequency
domain.

representation of the transmit signals sampled directly at IF is shown in Fig. 6.2.
Specifically, Figs. 6.2a and 6.2b show that the time-frequency patterns of the
signals are cleanly maintained regardless of any possible system distortion, and they
occupy non-overlapping time-frequency resources in their baseband representation.
Assuming that the signal is well designed in terms of cyclic-prefix length and
subcarrier separation for a given channel, this indicates that different MIMO
transmitters or users in a multi-user (MU) MIMO communications scenario can be
separated by knowing the time-frequency occupancy pattern. Finally, Fig. 6.2c shows
the same time-frequency crop of the received signal after channel propagation in the
V channel. Here, the pattern of the transmitted V signal can still be identified, but
power appears outside of it as well due to the cross-polar components of the target
signature.

The radar range-Doppler estimation is performed for both channels to verify the
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Figure 6.4: DFT and OMP-based range estimation. High sidelobes can be partially
mitigated with the use of OMP or other similar algorithms.

Table 6.2: RCS difference between pol. and non-pol. measurements
Waveform A% VH HV HH

1D NU-OTFS 0.003 dB 0.01 dB 0.04 dB 0.01 dB
2D NU-OTFS 0.01dB 0.1 dB 0.1 dB 0.001 dB

presence of the co-polar and cross-polar components in the expected time-frequency
indexes of the received baseband signal. Fig. 6.3 shows the zero-Doppler cut of
the range-Doppler estimation for both HH and VH components. The chimney can
be seen as the main target at approximately 1185 meters in both co-polar and
cross-polar channels, indicating that the received signal remains in the expected
time-frequency resources, as otherwise the spectral division in (6.8) with a misaligned
reference signal would impair the estimation and render the target invisible.
Moreover, the polarimetric estimation closely matches the result of a horizontally
polarized reference measurement, indicating no interference between channels in the
TF representation. It is also apparent in Fig. 6.3 that the sidelobe level is quite high
due to the non-uniform sampling in the time-frequency domain. A possible solution
to increase the system’s dynamic range is to use sparse reconstruction algorithms
from the compressed sensing framework. In Fig. 6.4, we show the result of applying
the orthogonal matching pursuit (OMP) algorithm on range estimation, showing a
dynamic range improvement of around 20 dB with measured data, although some
artifacts appear close to the main target, which extended target characteristics of the
chimney could explain. Table 6.2 shows the RCS difference between single-polarized
references and all the polarimetric measurements for both random frequency (1D
NU-OTES) and time-frequency (2D NU-OTES) allocations. The results are all below
0.1 dB, a difference that can be attributed to the randomness in different noise
realizations.

Finally, the range-Doppler estimation around the target is shown in Figs. 6.5 and
6.6, in which we can observe two things: First, in each of them, we can see the
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Figure 6.5: Range-Doppler estimation crop around the target for non-uniform
intercarrier allocation. On the left, 2D-DFT processing. On the right, OMP is used
for range estimation prior to Doppler estimation.
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Figure 6.6: Range-Doppler estimation crop around the target for non-uniform 2D
time-frequency allocation. On the left, 2D-DFT processing. On the right, OMP is
used for range estimation prior to Doppler estimation.

effect of applying OMP for range estimation before Doppler estimation, resulting in
a considerably reduced sidelobe level outside the Doppler cut of the target, reducing
the likelihood of the target masking other targets at different distances. Second, they
serve to validate both 1D subcarrier non-uniform multiplexing (Fig. 6.5) and 2D
non-uniform subcarrier-subsymbol multiplexing (Fig. 6.6).

6.4. CONCLUSIONS

This chapter has presented the first over-the-air polarimetric demonstration of
MIMO NU-OTES in a real polarimetric radar system. By performing radar




82 6. EXPERIMENTAL VALIDATION OF NU-OTFS MIMO RADAR

estimation of the polarimetric channels transmitted simultaneously and analyzing
the physical signal at different steps within the system, we confirmed the separability
and low cross-transmitter interference of non-overlapping random time-frequency
multiplexing with NU-OTFS. These findings prove that MIMO NU-OTES can
sustain reliable sensing while using fragmented spectral masks without meaningful
self-interference, thereby opening a practical path toward ISAC architectures that
exploit non-uniform time-frequency sampling in high-mobility scenarios.



CONSTANTMODULUS OTFS

“I never trust people with no appetite. It’s like they're always holding something back
on you.”
— Haruki Murakami

In this chapter, the problem of amplifier-related signal amplitude compression in
the OTFS waveform for radar and communications systems is investigated. A novel
approach to OTFS waveform generation is proposed, where complementary sequences
are used with the Zak transform to encode delay-Doppler symbols and form an OTFS
time-domain signal with a constant envelope. The high PAPR of conventional OTFS
can cause amplifier saturation, leading to spectral noise and performance degradation
in both communication and radar systems due to amplitude clipping. This issue can
be critical in dual-function radar and communication applications, where high power
may be crucial in both use cases. The proposed waveform, namely constant modulus
OTFS (CM-OTFES), offers an alternative to standard OTFS when high-power or low-cost
amplification is required. The sensing and communications performances of CM-OTFS
are evaluated through numerical simulations and compared with pristine and
amplifier-distorted OTFS waveforms. CM-OTFS demonstrates slightly degraded sensing
performance and lower communication rate than pristine OTFS, but outperforms
amplifier-distorted OTFS signals. The performance of CM-OTFS is evaluated through
radar and communication simulations, as well as radar measurements using the
waveform-agile PARSAX radar.

Parts of this chapter have been published in [98]

83
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7.1. INTRODUCTION

In previous chapters, we have demonstrated that OTFS shows comparable flexibility
in terms of time and frequency usage to accommodate multiple communication
users or radar transmitters and avoid interference in both the time-frequency [70],
[94] [69] and spatial [99] domains. Another characteristic that OTFS shares with
OFDM, however, is a peak-to-average power ratio (PAPR) greater than one [26],
meaning that the envelope of the transmitted time-domain signal is not constant
amplitude. The expected PAPR of OFDM increases with the number of subcarriers
(fast-time radar samples) [100] in the transmitted signal. In contrast, in OTFS,
the expected PAPR increases with the number of subsymbols [26] transmitted over
slow-time in one radar frame. Regardless of the different parameter dependence,
a non-uniform envelope requires the use of highly linear power amplifiers in
the transmitter to avoid signal distortion that would impact both radar and
communication performance [101]. This issue is particularly relevant to radar and
joint radar and communications applications, where high power is crucial due to the
attenuation of round-trip wave propagation. Considering the potential of OTFS for
ISAC applications, this is a significant drawback.

Several approaches have been investigated to minimize the PAPR in OFDM signals.
An iterative technique was proposed in [102] to reduce the PAPR, resulting in a signal
spread across a greater frequency bandwidth. Convex optimization is used in [103]
to design low PAPR waveforms for an ISAC base station dividing OFDM subcarriers
between remote sensing and communications applications. This technique is suitable
for generating signals with spectral nulls but not for real-time implementation in
adaptive systems due to the high computational load. Another alternative is to
use the so-called constant-envelope OFDM [37]. However, constant-envelope OFDM
signaling presents several challenges related to phase-only information encoding.
No similar approaches have been proposed for OTFS, although it is reasonable to
assume that some of them can be adapted to the waveform, given their similarities.

In this chapter, we propose a method to form unit-PAPR OTFS frames based on
generating complementary sequences from the information data to be transmitted.
The proposed approach is inspired by the work in [104],[105], [38], where a similar
technique is applied to achieve constant-modulus OFDM (CM-OFDM). The approach
in [104] is reformulated to fit the Zak transform-based implementation of OTFS,
where the delay-Doppler message is directly transformed into the time-domain
signal without an intermediate time-frequency representation. Specifically, the main
contributions of this chapter are the following:

1. A formulation for the Zak transform-based constant-modulus OTFS (CM-OTES)
signal. For each subcarrier, two complementary sequences are built from
the slow-time symbols of the OTFS frame in an iterative process, resulting in
a final constant-envelope time-domain signal. Double differential encoding
(DDE) and decoding are used to deal with cumulative phase errors during
CM-OTFS symbol recovery, as proposed for CM-OFDM in [38]. Radar and
communication receivers compatible with the proposed CM-OTFS waveform
are presented, completing the concept for an ISAC CM-OTES system.
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2. A simulation-based and experimental evaluation of the performance of the
proposed CM-OTFS waveform for monostatic SISO radar applications. The
performance is compared with standard OTFS under non-linear amplifier-
induced signal distortion.

3. A simulation-based study of the communications performance of constant-
modulus OTFS. A numerical comparison with standard OTFS under amplifier
distortion is drawn using standard 3GPP vehicular channel models for
simulation.

The scope of this chapter is limited to single-user scenarios, and extension of the
technique proposed to the MIMO radar and multi-user scenarios using beamspace
[99], delay-Doppler [69], and time-frequency [70] multiplexing is a subject of future
research. The remainder of the chapter is structured as follows. Section 1 recalls a
mathematical description of OTFS signal generation and channel effects, discusses
the issue of PAPR in OTFS waveforms, and presents the CM-OTFS signal generation
method. Section 2 includes descriptions of the CM-OTFS radar signal model and
receiver. Section 3 presents numerical radar and communications performance
simulations for the proposed CM-OTFS system concept, and Section 4 extends these
results with experimental validation for CM-OTFS radar. Finally, concluding remarks
are given in section 5.

Notation: In this chapter, the presence of related pairs of vectors lead to a slight
change in vector notation: vector parameter dependencies are indicated by a(n),
individual components by a[m], and subscripts distinguish related vectors, e.g., the
complementary sequence pair ¢; and c;.

7.2. OTFS ISAC SYSTEM MODEL

Consider a single transmitter OTFS system transmitting a message Xpp € CV*M
defined in a N x M delay-Doppler grid, with N delay bins and M Doppler bins.
The number of subcarriers and subsymbols in time-frequency representation is
also N and M, respectively, and the communication symbols are mapped to the
time-frequency domain through the inverse symplectic Fourier transform (ISFFT)
N-1M-1 o (ml nk
Xppln,ml = —= Y Y Xpplk, ne/2 (3 -%) 7.1)
NM =0 i=0
where [k, ]] are index pairs in the delay-Doppler grid, and [n, m] are index pairs in
the slow-time-frequency grid. The Heisenberg transform converts the time-frequency
signal into the time domain for transmission. The time domain signal s(#) is given
by
N-1M-1
s(t)= Y. Y Xggln, mlge(t—nT)e/2mAl=mD (7.2)
n=0 m=0
where g;r is the transmit pulse. Assuming a rectangular transmit pulse and a
critically sampled signal, equations (7.1) and (7.2) can be written in compact matrix
notation as
X1F = FNXDDFﬂ (7.3)
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and
s = vec (FiXrr) = vec (XppFhy) (7.4)

where Fy € CV*N and Fy; € CM*M are normalized Fourier transform matrices. The
discrete time-domain signal s € CNM*! is transformed to the analog domain with a
digital-to-analog converter (DAC) before undergoing I/Q modulation and up-mixing
to the desired carrier frequency f.. Note that in (7.4), a single discrete Fourier
transform is used to map the delay-Doppler domain symbols to the time-domain
signal. This transform is referred to as the Zak transform and allows for the
synthesis of the OTFS time-domain signal without an intermediate time-frequency
representation.

7.2.1. PAPR IN OTFS SIGNALS

A single DFT across the Doppler symbols is required to go from the delay-Doppler
representation (Xpp) to the time-domain transmitted signal s, as shown in (7.4). This
is the Zak transform, and it is the reason why the expected PAPR of OTFS increases
with M [26]. The PAPR of a specific OTFS frame depends on the transmitted
message and is, therefore, best modeled as a random variable, assuming that the
probability of different messages is uniform for any given frame. The complementary
cumulative probability distribution functions of the PAPR in an OTFS signal for
different values of M are shown in Fig. 7.1, showcasing the dependency with the
number of subsymbols, as well as the expected PAPR values in realistic OTFS frames
for QPSK modulation. We refer the reader to [26] for a deeper study on the PAPR of
OTFS with a variety symbol constellations and frame sizes.

The increase in PAPR can lead to radar performance degradation if the signal is
transmitted through a saturated amplifier. Amplifier saturation is common in radar
systems to maximize output power and increase target detection probability. In
this work, the power amplifier is modeled as an instantaneous nonlinearity [106].
Considering as input an arbitrary complex signal

sin(D) = Ain(D) exp (jpin(D) (7.5)

and the output
Sout (1) = G(Ajn (D) exp (j(Pin (1) + D(Ain (1)) (7.6)

where G and @ are input-amplitude dependent distortions of the amplitude
(clipping) and phase of the output signal, respectively. We use the model from [107],
[37]:

8oAin(t)
o 7.7
( ln( ) 1+(Ain(t)/Asut,in)2 -
a(PA?n(t)
I T ACE 7.8
Al =15 7 0 -

which is parametrized by the gain gp, the input saturation amplitude Agq i, and
the amplitude-dependent phase modulation @y and By, which we set to agy =7/6
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Figure 7.1: Complementary cumulative distribution function (CCDF) of PAPR in
OTFS signals for different values of M, numerically calculated with 5000 simulations
for each data point. In all examples, N = 256.

and fy =0.2. Finally, amplitude clipping is defined by the value of As4y,in, which is
set by the PAPR of the signal and the input power backoff (IBO) [108], defined as

I . Asat,in

Oi=——7-+—= 7.9
E(A2, () 79

For any constant envelope signal, such as the CM-OTFS presented in this work,
the IBO =0 dB. The lower the value of IBO for a non-constant envelope signal,
the stronger the amplitude clipping in the output signal. The effect of amplitude
clipping in the time-domain signal is depicted in Fig. 7.2. Integrated and peak
sidelobe levels in the radar range-Doppler estimation for different levels of amplifier
distortion (parametrized with the IBO) are shown in Fig. 7.3, where a loss of almost
10 dB in dynamic range occurs for low IBO values. The envelope variation of time
domain OTES arises from the Doppler domain symbol integration through the Zak
transform, and it can lead to the distortion shown in Fig. 7.2 and the sidelobe
level increase shown in Fig. 7.3. However, it is possible to use the Zak transform
to formulate a constant-modulus version of OTFS signals using complementary
sequences generated from the transmitted symbols in the Doppler domain.

7.2.2. CONSTANT MoDuULUS OTFS
Let us consider the same delay-Doppler message Xpp € CN*M from the previous
section as formed by N data vectors a(n) € C'*M V n € [1,N], such that

Xpp = [a()’,a@)7,...,an) 7. (7.10)

A pair of complementary sequences ¢; and c; are built from each data vector
a(n) e C*M where n denotes the delay index in the delay-Doppler representation of
the OTFS signal. The sequence pair ¢; and ¢, are complementary when the sum of
their autocorrelations r;; and ry» add up to a §-function

ri1 +ro o 6(n] (7.11)
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Figure 7.2: Real part of a standard OTFS signal, and the same signal with
amplifier-related amplitude clipping.
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Figure 7.3: Integrated and peak sidelobe levels of a range-Doppler estimation in
a distorted OTFS frame for different values of M and IBO. Lower values of IBO
represent a higher degree of amplitude distortion.

Following Algorithm 1, an initial pair of Golay sequences c(l_l) and cé_l) are
iteratively extended into longer sequences through 2 x 2 unitary transforms using the
data symbols contained in a(n). Let us define the initial sequences as

V=10, Y=, (7.12)
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Algorithm 1 CM-OTES Complementary Sequence Generation

: Input: Data vectors a(n), M Doppler bins, N delay bins, coupling parameter r
: Output: Complementary sequences c(lM), ch)
: begin

Initialization: ¢\ :=[1,1], ¢, " :=[1,-1] (See Eq. (7.12))

1
2
3
4
5. Compute normalization factor a = 1/+/E[||a]|?] + r?
6
7
8
9

: for n=1to N do
for m=0to M-1do
1. Compute unitary transform matrix:
Define S,, as in Eq. (7.13)

10: 2. Expand complementary sequences:
11: Update cgm), c;m) as in Eq. (7.14)

12: end for

13: 3. Form d; (n), dz2(n) as in Eq. (7.15), (7.16)
14: end for

15: end

For the data vector a(n) associated with a specific subcarrier n, this sequence is
extended by one symbol at a time through an M-long iterative process of unitary
transforms defined as

alm] -r

Sm=a r a*[m]

(7.13)

where a[m] is the m-th symbol from the data vector a(n), r is a free parameter that
determines coupling between the complementary sequences, and a = 1/+/E[||a||?] + r2
is a normalization factor. Note that we drop writing explicitly the dependency with
n for compactness and clarity. In CM-OFDM, the value of r has been shown
to impact communication and radar performance in opposing ways, making it a
trade-off parameter [104]. The influence of the r-value in CM-OTFS will be analyzed
empirically in subsequent sections.

The transforms are used to expand the pair of complementary sequences iteratively

(m) (m-1)
o | =Sm |7 (rr(z)—l)] (7.14)
c, 0 c,
which generates two complementary sequences {c(lm), cgm)}. The iterative sequence

. . . !
expansion in (7.14) results in two expanded sequences {c;,cy} € cP*M' where we use

M’ := M +2 for compactness of notation. Mirroring the steps in [109] for CM-OFDM,
the resulting sequences are interleaved to form a new pair of complementary
sequences d;, d, € C1?M

d; = [c1[0], 2101, c1[1], €2[1],...,c2[M + 1]] (7.15)

dz = [¢1[0], =210, 1 (1], —c2[1],..., —co[M +1]] (7.16)

that will be used to assemble the OTFS time signal with the Zak transform. For N
delay bins, the process in (7.13-7.16) is repeated for each vector a(n), resulting in
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N pair of sequences, indexed as {d;(n),d2(n)} V n € [1,N]. Two new delay-Doppler
signals composed of these complementary sequences can be written as

Xpp, = (DT, d;@7,...,dy ()71 (7.17)

Xpp, = [T, d22)7,...,da (W) 1T (7.18)

and finally, two intermediate time-domain signals can be generated as in (7.4) with
the Zak transform
21 = vec (Xpp, Fir) (7.19)

2 = vec (Xpp, Fy;) (7.20)

where each z; and z, are OTFS sub-signals of length 2NM’, and are used to
construct the final OTFS constant-modulus time-domain signals

$1=279 +jexp(j¢c)®zz (7.21)

$2=z1—jexp(jpo) 02z (7.22)

where {81,8,} € C*2M' | and ¢ = Lz, — L2, e RV*2M _ In (7.21) and (7.22), the phase
of z, is replaced with the phase of z; and placed in quadrature, which results in a
constant modulus OTFS time-domain signal. Signals §; and §, are both transmitted
(e.g., in consecutive delay bins or as double-length Doppler messages) to use
differential decoding to avoid errors in the process of recovering the data vectors
a(n). This reflects the main trade-off of both CM-OFDM and the proposed CM-OTFS
when using this constant-modulus formulation: 4M total symbols are transmitted to
encode a total of M data symbols, reducing the efficiency by a factor of four.

The process generates two complementary sequences from the communication
symbols and uses the Zak transform to synthesize the OTFS time-domain signal,
replacing the operation in (7.4). For N delay indexes of the original Xpp data matrix,
the resulting time-domain signal is

scM = vec (Scm) (7.23)

CZNXZM

where Scum € is defined as

Scm=8(n=1),8l(n=1),....sT(n=N),8I (n=")" (7.24)

which has a constant-envelope as shown in Fig. 7.4 and encodes N x M
communications symbols in a 2N x2M’ frame.

Before moving forward, it is worth discussing some already apparent drawbacks.
First, there is a reduction in spectral efficiency, as a frame of size 4NM’ is used to
encode NM QPSK delay-Doppler symbols, which corresponds to a reduction by a
factor of four. Moreover, this approach to generate a constant-modulus signal has
only been defined for communication dictionaries without amplitude modulation,
restricting this approach to QPSK and phase-only dictionaries [109].

To recover the delay-Doppler symbols a(n), the previous process is undone. Let us
assume a received signal rcy € C*V M'x1 after channel compensation

IrcMm =ScMm +W (7.25)
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Figure 7.4: Real and imaginary part resulting from the CM-OTFS process, using the
same data symbols as in the signal depicted in Fig. 7.2. The amplitude of the signal
(blue curve) is constant.

Algorithm 2 CM-OFTS Delay-Doppler Symbol Recovery

: Input: ?DDI ,YDDZ, r,M,N, égo),ég))

. Output: a(n) eC*M  vne[l,N]
begin
Initialization: a(n) =0 Vne[l,N];
: for n=1to N do
for m=0to M-1 do
1. Calculate a(n)/—,, data symbol (7.30);

2. Update complementary sequences:
c(lm“) from 4[M — m] and cgm) (7.31);
™V from a[M-m] and ¢{"™ (7.32);

© ® N aR e

—
e

end for
: end for
: end

—_ = =
w N =

where w is additive white Gaussian noise. If we consider Roum =Vec(rCM);1{,X2M,,

then {8;(n),82(n)} can be recovered by selecting the odd and even rows of Rcm
respectively, undoing the interleaving in (7.24). After some simple algebra we can
find that

§1+8
gy = L1152 (7.26)
2
N . 818
Zr =exp(—jdc) - (7.27)

2j
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with which we calculate the delay-Doppler representation of the received signal

Yob, = vecy oz @1) Fawr (7.28)
Yo, = Vecy) o r42) @2) Fowr (7.29)

from which we can get the estimate of the sequences fil, &2, and &, ¢; by undoing
the steps in (7.15-7.18). Finally, from the complementary pairs ¢;, ¢;, the original
symbols are extracted in an iterative manner that reverses the steps in (7.14), and
for each me{0,..., M -1}, as shown in Algorithm 2, where the estimation of the
transmitted symbols is given by

e = &M M - m)

alM-m]=r
&M+ ™ (M - m]

(7.30)

and {c{"*",c{™ 1} for the next iteration are given by the inversion of (7.14) using

the conjugate transpose of the Hermitian matrix S,

" = M - miel™ + rel™ (7.31)
c§m+1) — —ré(lm) +a[M - m]éém) (7.32)

where in each step a new data symbol a[M — m] is recovered, and the sequences
c(lm”) and cgm“) have one less length than their predecessors, as their last and
first element respectively are zero. Note that the calculation of the sequences
{c(l'”“),c;m“)} is performed for each n, but the index is dropped for compactness.
This process is repeated for each ne€{l,...,N}, thus recovering all n data vectors

a(n), that forms our received delay-Doppler data matrix

Xpp = laMm’,a@)7,..., a7, (7.33)

7.3. CONSTANT MODULUS OTFS RADAR

The discrete constant-modulus time-domain signal scy is transformed to the analog
domain with a digital-to-analog converter (DAC) before being modulated to the
desired carrier frequency and transmitted. Assuming co-located radar operation, the
received signal after illuminating a scene with K targets characterized by a path
delay 7 and a Doppler shift f; can be written as

K

r(t) =) aisom(t—T1i)exp (j27m fart) + w (7.34)
k=1

where scm(?) is the transmitted time-domain signal, aj is the complex amplitude
associated to the k-th target, and w is additive white Gaussian noise (AWGN). The
delay and Doppler effects in the signal can be represented in the time-frequency
domain compactly by using the generalized multicarrier radar signal model [53].
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Figure 7.5: Block diagram of an exemplary CM-OTFS ISAC system with dual
function waveform transmission. A separate radar and communication digital signal
processing chain enables using the complete waveform for both functions. The radar
function relies on time-frequency processing, while the communications branch
relies on the Zak transform for symbol recovery.

The time-frequency representation Yyp € C2V*2M

time-domain signal r is given by

of the critically sampled received

YTF = FZNveCEJ{]sz’ (r) (7.35)

and the radar delay-Doppler effects in the time-frequency signal for each target can
be written as
r = uyvec(l FaAXTrT'2) (7.36)

where, for a delay 7 and a Doppler shift f;, the following constants are defined
T
Y =exp (—JZHNfd) (7.37)

a=exp(-j2nAfr) (7.38)

and used to build diagonal matrices modeling the time and frequency shift in the
received signal:
I = diagly®,y%,...,y&" 1 (7.39)

= diag{yo,yN, ... ,y(M_”N} (7.40)

where Tj e CN*N represents the Doppler phase shift along subcarriers - the

intercarrier interference - and I', € CM*M is the Doppler phase shift across subpulses.
Analogously, a matrix form of the target range-related subcarrier phase shift is
defined as

A =diag{a® a',...,a" ™1} (7.41)

with Ae CV*N,  Finally, p is a complex amplitude, and v represents the
delay-dependent phase shift at carrier frequency

¥ =exp(-j2nfet) (7.42)
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Figure 7.6: Noiseless Range-Doppler slice section for OTFS radar with different
waveforms. On the left, standard OTFS with no amplifier effect. On the center, the
same waveform with amplifier-caused amplitude clipping (IBO = 6 dB). On the right
is a constant modulus OTES waveform.

A radar receiver, based on the time-frequency domain phase normalization of
the received signal (see Chapter 3 for a full description), is used to estimate the
range-Doppler parameters in the received signal. This receiver assumes uncoupled
range-Doppler estimation parameters, which are estimated sequentially and result
in a computational complexity of G(N + M). The trade-off of this assumption is a
reduced Doppler tolerance and unambiguous range-Doppler estimation compared
to joint delay-Doppler receivers [72]. However, the computational complexity of
joint delay-Doppler receivers is & (N M), which makes them impractical for relatively
big frame sizes and fractional time and frequency shifts. Implementing this
phase-normalization-based receiver involves a point-wise multiplication to normalize
the phase, followed by a Symplectic Finite Fourier Transform (SFFT). The phase
normalization is given by

Ynorm[7, m] = Yre[n, mlexp (- j¥([n, m]) (7.43)

where
Y(n, m] = Z(Xtr[n, m]) (7.44)

for every ne{l,...,2N} and me{l,...,2M}. After phase normalization, the SFFT
is performed to calculate the range-Doppler map. This receiver normalizes the
received signal in the time-frequency domain and transforms the result into the
delay-Doppler domain. If [tg, fz ] =[0,0], then Ynorm is an all-ones matrix, and

its delay-Doppler representation YDD ~ appears as a peak at [0,0]. For any other
pairs of [ty, f; ], the peak in YDD s displaced to the corresponding index in the

delay-Doppler plane.

7.4. PERFORMANCE ASSESSMENT OF CONSTANT-MODULUS
OTFS

In this section, numerical simulations are performed to test the performance of
CM-OTES for radar and communications. The waveform parameters in Table. 7.1
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Figure 7.7: Integrated sidelobe level after range-Doppler estimation in target range
slice, Doppler slice, and Range-Doppler map in the left, center, and right respectively.

are used for both radar and communications simulations.

7.4.1. CM-OTFS RADAR PERFORMANCE EVALUATION

The performance of CM-OTFS in radar applications is tested through numerical
simulations. As OTES is particularly well suited to high-mobility applications,
a carrier frequency of 24 GHz is chosen, as bands around this frequency have
been used for automotive radar, and are projected to be used in millimeter-wave
communications for 6G under the label of FR3, therefore showing potential in
applications for both sensing and communication in high-mobility scenarios [110].
The simulations are performed assuming a monostatic system, and the main
waveform parameters are shown in Table 7.1. For the scope of this work, a
monostatic single-input single-output (SISO) radar is considered.

The approach followed to evaluate CM-OTFS radar performance is to compare with
two references: first, a baseline standard OTFS approach with the same subcarriers

Table 7.1: OTFS simulation waveform parameters

Parameter Symbol  Value
Number of delay bins N 256
Number of Doppler bins M 256
Bandwidth B 10 MHz
Carrier frequency fe 24 GHz
Symbol duration T 25.6 us
Intercarrier separation Af 39 kHz
Cyclic prefix duration Tep 12.8 us

Communication Modulation (=) QPSK
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Figure 7.8: Normalized peak sidelobe level after range-Doppler estimation in target
range slice, Doppler slice, and Range-Doppler map in the left, center, and right,
respectively.

(N) and subsymbols (M), and second, an OTFS waveform with amplifier-related
distortion due to the non-uniform amplitude of the time-domain signal. The radar
estimation is performed with the standard DFT-based spectral division receiver for
all three cases. In the case of the distorted OTFS signal, the original transmitted
OTES signal is used for radar processing. Fig. 7.6 shows the range-velocity maps of
standard OTFS, amplitude-clipped OTFS due to amplifier saturation, and CM-OTFS.
Four-point targets are present in the simulation, and no tapering is used in the
estimation, resulting in similar sinc-like sidelobes around the targets. A stronger
noise-like background appears in the clipped-OTFS waveform when compared to
standard OTFS, which we attribute to the mismatch between the original signal
and the distorted transmitted signal. CM-OTFS shows slightly increased noise-like
sidelobes around the main range sinc-like sidelobes, but they are contained to the
Doppler cells around the target. Overall, the sidelobe level of CM-OTES is better
than that of the clipped OTES waveform and close to the performance of a standard
OTES frame.

A quantitative study of the sidelobe characteristics of the waveforms for a single
target is shown in Figs. 7.7 and 7.8. Fig. 7.7 shows the integrated sidelobe ratio
(ISLR) in the range cut, Doppler cut, and whole range-Doppler surfaces for standard
OTFS and CM-OTES for different values of r. The ISLR is defined as the integrated
sidelobe power in an estimation normalized to the main-lobe peak [90]. First, when
the measurement is noise-dominated (i.e., the sidelobes are buried under the noise),
standard OTFS and CM-OTFS perform the same regarding sidelobe power. For
sidelobe-dominated estimations (i.e., higher SNR values), we observe that the ISLR
in the range cut increases (meaning higher sidelobe power) in CM-OTES compared
to standard OTFS. Moreover, the higher the value of the parameter r, the higher the
sidelobes in the range cut. In the Doppler cut, we see a similar behavior regarding
the noise, but now standard OTFES shows slightly higher sidelobe power at high noise
levels. Finally, the ISLR on the range-Doppler slice shows that standard OTFS and
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CM-OTFS have the same sidelobe power. This implies that the differences in ISLR in
the range and Doppler cuts are due to a redistribution of the sidelobe power and
not an overall increase in the sidelobe level.

Changes in the structure of the sidelobes can result in increased peak-to-sidelobe
level (PSL), which increases the chances of target masking. Fig. 7.8 shows the PSL
of standard OTFS and CM-OTES for different values of SNR. Similarly, as with ISLR,
we can see that as long as the measurements are noise-dominated, the PSL of the
estimation is the same in all waveforms, as it simply reflects the peak of the noise
floor. For higher SNR values, we observe an increase in PSL in the range-domain
that worsens as the value of r decreases. Moreover, this increased range sidelobe
becomes the dominating sidelobe in the entire range-Doppler domain, as shown by
the fact that the PSL value in the range-Doppler surface matches the PSL value in
the range cut.

Overall, if we compare the results of ISLR with the ISLR in standard OTFS with
amplifier clipping (Fig. 7.3), we can see that for a value of e.g. IBO =0, the
expected ISLR for clipped OTFS with M =256 is around 5 dB, whereas in CM-OTFS
the ISLR would be —5 dB, meaning an improvement of 10 dB over the amplifier
clipped waveform, at the cost of the sidelobe-power being focused in a higher range
peak sidelobe. In the end, whether a constant modulus approach is desirable in
terms of radar will depend mostly on the characteristics of the amplifier and power
requirements, which will define the expected distortion on the transmitted signal.

7.4.2. CM-OTFS COMMUNICATION PERFORMANCE EVALUATION

To evaluate the communications performance of the proposed CM-OTFS waveform,
an LMMSE detector [88] is used for an OTES frame. It is assumed that perfect
channel state information is available, the channel effects have been compensated
for, and only noise is present. The goal of this evaluation is to verify that the
original delay-Doppler symbols can be reconstructed from a CM-OTFS frame and,
similarly to the radar numerical evaluation, to determine how the performance of
CM-OTFS compares to a pristine OTFS frame and OTFS frames that are distorted
due to the amplitude clipping caused by amplifier saturation. The same waveform
parameters as before (Table 7.1) are used for the simulations in this section, and the
steps in (7.25 - 7.32) are followed for symbol recovery. As the number of subcarriers
and subsymbols (delay and Doppler bins) is equal in both standard OTFS and
CM-OTFS, CM-OTES carries a quarter of the symbols and achieves a quarter of the
communication rate. The communication symbols are sampled from a uniform
random distribution.

The iterative decoding process to retrieve the data symbols from the complementary
sequences in the received signal can result in a cumulative phase error in the
presence of noise. Using a double differential encoding (DDE) in the transmitted
symbols can help mitigate this effect [38]. First, the transmitted symbols a(n) € C'*M
are separated in two sub-signals formed by the even and odd Doppler indexes,
ag(n) e c*M/2 gnd ap(n) € clxMi2 respectively. Assuming a phase-only modulation,
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Figure 7.9: Bit Error Rate (BER) for an increasing value of SNR for distorted and
pristine OTFS, and CM-OTFS with and without double differential encoding.

differential encoding can be applied to each of them separately, resulting in
dglm] = aglmlag(m—1] (7.45)

dolm] = aplmlaplm—1] (7.46)

and then new data vectors a®PF € C'*™ can be formed by interleaving the elements

of dp and dg. Double differential decoding is applied at the receiver by reversing
the previous process. For consistency with (7.45) and (7.46), we relabel the recovered
differential-encoded symbols from (7.30) as aPPE which we separate in even &E and
odd flo, and used to compute the double differential decoding

aglm) = dglm)exp(-j arg (dg(m))) (7.47)

dolm) = dolm)exp(—jarg(dolml)) (7.48)

and the recovered data vectors aPPF € C1*M are formed by interleaving the elements

of ap and ag for each n€{0,..., N—-1}. In (7.47), (7.48), the phase of the previous
symbol is used for differential decoding to avoid any changes in amplitude. This
process is repeated for each ne€{0,...,N—1}, resulting in the estimated vectors
aPPE(p) that form the estimated delay-Doppler data matrix as in (7.33). Note that
to perform DDE, the transmitter and receiver need to agree on a starting reference
phase for the first symbol, which, in our case, is zero degrees. We label the resulting
signal double differential encoded constant modulus OTFS (DDE-CM-OTES).

The bit error rate (BER) for the evaluated waveforms and increasing SNR values
is shown in Fig. 7.9. The results are the average of 1000 Monte Carlo simulations
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Figure 7.10: Constellation of reconstructed symbols after channel compensation for
SNR = 30 dB. Pristine OTFS on the top-left, amplifier distorted OTFS on the top-right,
CM-OTEFS on the bottom-left, and DDE-CM-OTES on the bottom-right.

for each waveform and SNR step. The simulations show that undistorted OTFS (red)
achieves the best BER values, achieving the same BER as CM-OTES (yellow), with
SNR being lower by 15 dB. Although both CM-OTES and undistorted OTES tend
towards a BER of zero for sufficiently high values of SNR, an SNR loss of around
15 dB is severe in most applications, even if the constant-envelope property of
CM-OTEFS enables high-power transmission. The decrease in BER for a given SNR
is caused by the iterative nature of the symbol retrieval from the complementary
sequences, as an early error propagates to future iterations, as seen in CM-OFDM.
Double differential encoding (DDE) [109] can be used prior to the complementary
sequence synthesis to ensure the phase errors only propagate for a maximum of two
iterations in the decoding process. The resulting waveform, namely DDE-CM-OTFES,
significantly improves the performance of CM-OTFS and achieves BER similar to
standard pristine OTFS, as shown in Fig. 7.9 (purple curve), while maintaining
all the advantages of CM-OTEFS. For amplitude-clipped OTFS, the BER plateaus at
a non-zero value, regardless of the SNR. As the amplifier-related distortion is not
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channel-dependent, it creates constant noise regardless of the channel conditions.
When considering possible use-cases of ISAC OTFS systems that involve high power
transmission for radar operation, not achieving a good BER due to the amplitude
clipping, regardless of the high signal level, is a substantial shortcoming with
non-constant modulus signals such as OTFS. Instead, when CM-OTFS is used,
good communication links could be established, as CM-OTFS enables high power
transmission without distortion, helping to bridge the gap of required SNR.

To gain a better understanding of the role of the CM-OTFS frame synthesis
approach in the degradation of communications performance, the recovered
symbol constellation for a high SNR iteration (SNR = 30 dB) is plotted in Fig.
7.10. This representation shows the spread of the symbols caused primarily by
channel-unrelated effects. For Clipped OTES, we see a substantial increase in random
noise-like error when compared to pristine OTFS, showing that the amplitude
clipping appears similar to white Gaussian noise in the IQ plane. The stronger
the distortion (the lower the IBO), the higher the symbols spread. The recovered
CM-OTES symbols display a similar level of spread in terms of magnitude to pristine
OTEFS but also show a considerable phase deviation caused by the cumulative phase
error in the decoding process, resulting in reduced communications performance. It
is observed in simulations that as the SNR increases, the phase error decreases until
it disappears, resulting in the steadily decreasing BER value in Fig. 7.9. The phase
drift in the recovered symbols using double differential encoding (DDE-CM-OTES) is
significantly reduced, resulting in considerable performance improvement compared
to standard CM-OTFS.

7.5. EXPERIMENTAL VALIDATION OF CM-OTFS RADAR

In this section, experimental results of CM-OTFS radar are presented and compared
with standard OTFS radar with and without amplifier-related distortion. The data
are acquired using the PARSAX radar [91], a polarimetric waveform-agile radar used
previously to validate MIMO NU-OTFS [97]. For the experiments in this work, a
single polarimetric channel (HH) is used to measure a static target at a distance of
1185 meters. The radar and the target are shown in Fig. 7.11. Three measurements

Table 7.2: OTFS experimental waveform parameters

Parameter Symbol Value
Number of delay bins N 1024
Number of Doppler bins M 812
Bandwidth B 40 MHz
Carrier frequency fe 3.315 GHz
Symbol duration T 25.6 us
Intercarrier separation Af 39.06 kHz
Cyclic prefix duration Tep 12.8 us

Communication Modulation =) QPSK
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Figure 7.11: PARSAX (left) and measured industrial chimney at approximately 1185
meters from the radar sensor (right).
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Figure 7.12: Range cut of the range-Doppler radar estimation measured with
PARSAX, without tapering. All estimations are normalized to their maximum and
show a peak at the correct target position.

are carried out: first, a standard OTFS frame is used without any amplifier-caused
distortion; second, a signal with simulated amplifier-caused amplitude clipping y =3
is used to measure the same target; finally, a measurement is carried out with the
proposed CM-OTFS waveform (r =0.1). The waveform parameters are shown in
Table. 7.2 are set so that all waveforms share the same coherent processing time and
bandwidth. The implication is that the CM-OTFS waveform transmits only a quarter
of the communication symbols as the other two waveforms.

The zero-Doppler range cut for all three waveforms is shown in Fig. 7.12, where it
can be seen that all three waveforms show a clear peak in the correct position of
the target at 1185 meters. It is also apparent that the standard undistorted OTFS
waveform shows the best estimation, with the highest dynamic range. The CM-OTEFS
measurement shows slightly increased sidelobe levels, particularly far from the target
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Figure 7.13: Range-Doppler radar estimation measured with PARSAX, without
tapering. Pristine OTFS on the left, OTFS with simulated amplifier distortion (IBO =
2.4 dB) in the center, and CM-OTFS on the right.

position, but comparatively lower than the measurement with the distorted OTFS
signal, represented by the orange dotted curve. CM-OTFS shows around 5 to
10 dB lower sidelobes than the measurement performed with an OTFS waveform
suffering from simulated amplifier distortion. On the other hand, close side peaks
appear in the range estimation next to the main peak of the CM-OTFS waveform,
which aligns with the observation in the simulation of the degradation in radar
performance of CM-OTFS compared to standard OTFS, affecting primarily the range
cut. More observations can be made from Fig. 7.13, where the range-Doppler
map around the target position is shown for all three waveforms. The standard
OTFS measurement, on the left, shows the typical sync-like decreasing sidelobes
in both range and Doppler. The clipped OTFS measurement shows a slightly
increased range and Doppler sidelobes in the cells aligned with the target positions,
but more importantly, it shows approximately 30 dB degradation in the bins not
aligned with the correct range-Doppler. This sort of degradation extends over the
entire range-Doppler plane. It would significantly impair the estimation of multiple
targets, particularly considering that there is no access to the distorted signal in the
system that could otherwise be used to remove the sidelobes through model-based
processing.  Finally, the sidelobes in the CM-OTFS waveform are also steadily
decreasing sinc-like sidelobes. Although they extend to the spurious peaks adjacent
to the correct target position, they are confined to those specific range values and
do not affect other areas of the range-Doppler plane.

In addition to the radar performance, we assess the communication functionality
by recovering the delay-Doppler symbols embedded in the received radar waveform.
The radar receive chain is re-purposed as a communications receiver: the
range-Doppler estimate obtained from the monostatic radar processing is treated as
a single-path channel estimate, the dominant path corresponding to the chimney
reflection. This estimate is then used to equalize the base-band signal and to decode
the delay-Doppler symbols following the procedure of Section IV-B. The resulting
symbol constellations are depicted in Fig. 7.14. As expected, pristine OTFS exhibits
the tightest clustering. The clipped-OTFS case, which emulates amplifier saturation,
shows a noticeable dispersion that would increase the probability of symbol errors at
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Figure 7.14: Constellation of reconstructed symbols at the radar receiver. Channel
compensation is performed using the monostatic radar estimation, assuming a single
path.

modest SNR. Crucially, the symbols conveyed with the proposed CM-OTFS waveform
are successfully recovered after equalisation, and their scatter matches the trend
observed in the simulations.

These findings validate the end-to-end signal-processing chain proposed for
CM-OTEFS operation, confirming that both sensing and communications functions
can be achieved without requiring separate hardware paths or calibration steps.
The experiment therefore demonstrates the practical viability of CM-OTES as
a dual-function waveform under realistic front-end constraints. In fact, the
experimental results with the clipped signal show more degradation than the
degradation predicted in simulations, suggesting that abrupt amplitude clipping in
the signal causes further hardware-related non-linear effects than those modeled in
our numerical simulations.

7.6. CONCLUSION

This chapter delivers the first systematic analysis of power-amplifier (PA)-induced
distortion in OTFS and introduces CM-OTES, the first constant-envelope OTFS
waveform designed for ISAC. We prove analytically and numerically that the PAPR of
conventional OTFS grows with the number of Doppler bins, directly degrading radar
detectability and communication reliability under realistic PA back-off constraints.
To overcome this issue, we proposed a novel variation of OTFS, namely CM-OTFS.
Inspired by a preexisting OFDM technique, CM-OTFS employs complementary
sequences and the Zak transform to embed delay-Doppler symbols into a strictly
constant-modulus time-domain signal, all while preserving OTFS’s Doppler resilience.

The performance of CM-OTFES has been evaluated through a combination of
numerical simulations and radar experiments. Radar numerical and experimental
over-the-air tests show that CM-OTFS performs slightly worse than pristine OTFS
in target estimation but outperforms OTFS with amplifier distortion, with the gap
widening as the signal distortion increases. The noise tolerance of CM-OTEFS
communications was improved by using double differential encoding, achieving BER
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performance close to that of pristine OTFS. This robustness comes at a trade-off
in communication throughput, as a fourfold reduction in data rate. The results
presented suggest that CM-OTFS is a novel and promising alternative to standard
OTES for ISAC applications. In particular, it is well suited for systems where
high-power operation and/or low-cost front-end components are required, or as a
tool to enable high-power sensing modes in adaptive/cognitive ISAC systems with
limited repercussions in communication performance.



CONCLUSION

“There is no perfection, only life.”
— Milan Kundera

This chapter summarizes the thesis’s contributions to OTFS-based radar operation
for integrated sensing and communications. Concluding remarks are presented, and
potential avenues for future research are outlined.

8.1. CONCLUDING REMARKS

In this thesis, I introduced three novel extensions that significantly advanced
state-of-the-art OTFS waveform design and signal processing for 5G/6G integrated
sensing-and-communications (ISAC) radar. I successfully tackled two standing
challenges, high envelope variation and a rigid, fully populated time-frequency
structure, thereby advancing towards turning OTFS into a practically deployable
radar waveform. My overarching goal was to adapt OTFS, originally optimised
for communications, into a high-performance sensing waveform without sacrificing
spectral efficiency or Doppler robustness.

In Chapter 3, I developed and compared several radar receiver architectures for
OTFS and OFDM to clarify how the two waveforms differ and align in monostatic
radar sensing. This work answered the first research question:

Q1: How do the differences in structure between OFDM and OTFS translate to radar
sensing, and does the Doppler resilience of OTFS in communications transfer to
monostatic radar sensing?

In previous work, significant differences between the performance of OTFS and
OFDM monostatic radar were attributed to the structure of the waveform, reinforcing
the idea that OTFS shows inherent advantages, particularly in terms of Doppler
tolerance. However, by formulating both waveforms with a shared multicarrier radar
model and performing a "head-to-head" analysis, it was revealed that the “inherent

105
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Doppler immunity” of OTFS radar actually stems from receiver assumptions rather
than waveform physics, answering our first research question. The results show that,
depending on the level of complexity of the receiver and the modeling of the ICI
and ISI effects, radar receivers could be formulated for both waveforms. The results
showed that the waveforms are qualitatively similar to each other, and that the bulk
of the difference in radar performance can be attributed to the receiver design.

In chapter 4, I proposed a novel generalization of the OTFS signal synthesis
process to accommodate more flexibility in terms of time-frequency structure, giving
rise to a novel waveform that I termed Non-Uniform OTFS (NU-OTEFS). This work
addressed the second research question of the thesis:

Q2: What are practical ways of enabling flexible time-frequency multiple access for
MIMO radar and MIMO/multi-user communications for OTFS?

This question was chosen because MIMO is pivotal for radar, while multi-user
service is essential for public communications; both face a common challenge:
multiple access of transmitters in MIMO radar and of users in communication
systems. A typical solution is to allocate non-overlapping time-frequency resources,
which is straightforward in OFDM. Traditional OTFS, however, spreads information
over contiguous time—frequency tiles, so multiple OTFS messages in the same band
overlap and impede multiple-access capability. To address this limitation, I proposed
a generalised OTFS synthesis that permits arbitrary time-frequency allocation
patterns and coined the resulting waveform Non-Uniform OTES (NU-OTES). This
scheme increases resource-allocation flexibility, enables MIMO radar and multi-user
communication, and improves interference avoidance compared with conventional
OTFS. The performance of NU-OTFS for MIMO radar and for communications
in high-mobility channels was analysed, confirming that OTFS’s key advantages
are preserved while its flexibility is enhanced. The chapter also presented the
first over-the-air validation of OTFS radar and examined NU-OTFS using artificially
sparsified measured data.

The concept of NU-OTFS is further explored in chapters 5 and 6. In chapter
5, I presented a novel study of the link between the time-frequency patterns of
NU-OTFS and the expected MIMO radar performance, shedding some light on the
extent of sparsity and interference that NU-OTFS can tolerate for radar applications.
In chapter 6, a fully polarimetric radar was used to explore the separability between
non-uniform time-frequency representations achieved through NU-OTES. The result
is the first validation of simultaneous OTFS MIMO radar through measurements
in the literature, albeit in a slightly unorthodox manner. With that, I closed our
research in OTFS multiple access for radar and communications, and moved to our
next research topic.

Chapter 7 I tackled the issue of non-constant envelope that OTES shares to a
great extent with OFDM, and that limits the implementation of OFDM and OTES in
high-power radar systems. Motivated by this, I aimed to answer our final research
question:

Q3: How can a constant-envelope (or ultra-low-PAPR) OTFS waveform be designed,
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such that it preserves its delay-Doppler sensing fidelity and key communication
characteristics?

To answer this question, I introduced a novel method for generating a
constant-envelope, time-domain OTFS signal. The resulting waveform, termed
constant-modulus OTFS (CM-OTFS) to emphasise its link to the earlier CM-OFDM
scheme, enables the synthesis of constant-envelope OTFES frames and removes the
PAPR bottleneck that limits high-power OTFS-based ISAC applications. Although
CM-OTFS transmits only one quarter of the information carried by a standard OTFS
frame, it surpasses power-amplifier-distorted OTFS in both radar and communication
tasks. Radar and communication performance were validated through numerical
simulations, and representative measurements were conducted to confirm the radar
results experimentally.

Collectively, these contributions help transform OTFS from a Doppler-tolerant,
communications-centric OFDM alternative into a radar-ready waveform family that
scales to dense MIMO arrays, fragmented spectra, and high-power front-ends,
helping to lay a solid foundation for next-generation ISAC systems.

8.2. RESEARCH OPPORTUNITIES

Although I have addressed some of the major challenges that OTFS faced in ISAC
systems, a multitude of open research questions remain unanswered when it comes
to future OTFS radar and ISAC systems:

RO1: What are alternative efficient implementations of a radar receiver design for
OTFS that carry some of the advantages of the joint delay-Doppler receiver but remain
computationally efficient?

For receiver design, an efficient implementation of the joint delay-Doppler receiver
that carries over the Doppler tolerance of OTFS in communications for radar
operation is crucial. Mobile radar platforms may not have sufficient computing
power to achieve the required frame rate and parameter estimation performance
otherwise, especially as frame sizes grow to dimensions similar to the standards of
OFDM.

RO2: What are the trade-offs between different approaches to multiple access with
OTFS for MU communications and MIMO radar?

Regarding MIMO waveform design and spectral compatibility, different visions for
OTFS MIMO coexist: delay-Doppler multiplexing and time-frequency multiplexing.
A delay-Doppler multiplexing approach better suited to multiuser communications
and spectral flexibility is an open challenge. On the other hand, although spectral
flexibility and compatibility with multiuser MIMO communications are appealing,
further research into the trade-offs and performance bounds of the non-uniform
time-frequency multiplexing approach is required before conclusions can be drawn
about its potential.
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Although crucial, receiver and waveform design are not the only directions in
which OTFS radar-communication systems face challenges:

RO3: What are alternative approaches to deal with the high PAPR of OTFS?

Although a specific solution was given in this dissertation, other approaches with
different trade-offs should be possible. Further research in this direction is necessary
to find the best alternative for different use cases.

RO4: Is there a way to limit the receiver bandwidth in OTFS such that high
bandwidths are possible with reduced data rates?

FMCW is an extremely popular radar waveform in civil applications, particularly
where low-cost modules such as automotive and drone radars are preferred. This
is partially due to the beat-frequency processing reducing the required receiver
bandwidth relative to the measurement bandwidth in FMCW radars. This is not the
case for OTFS, and no solution to tackle this limitation has been proposed to the
best of the author’s knowledge. Moreover, the data rate required for all fully digital
radars, including OTES, is a strong limitation regarding system design [7].

RO5: What are the properties of multistatic OTFS radar, opposite to monostatic
setups?

In this thesis, I have focused on monostatic OTFS radar, where the transmitted
waveform is known in the receiver (besides issues with, e.g.,, amplifier distortion).
The case of multistatic radar, particularly when only part of the signal is known
(the pilot signal), is not investigated in this thesis and is of great importance when
it comes to ISAC implementations with networked systems that operate both as
sensors and communication nodes. Research on pilot form and structure in OTFS
frames and the associated radar and communication trade-offs is still in an early
stage and crucial for many relevant applications.

RO6: How would we define application-specific ISAC requirements for waveforms such
as OTFS and OFDM?

This is a challenge that research in OTFS multifunctional systems shares with
other ISAC research: the scenarios in which such systems will be helpful are loosely
described. A better understanding of the capabilities and limitations of distributed
system structures with collaborative sensing (monostatic or multistatic) in centralized
or ad-hoc communication networks would lay the groundwork for guiding further
basic research on the capabilities of OTFS and physical layer waveforms for future
ISAC systems.
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