
Enabling Technologies for Joint
Communication and Sensing in Aviation

Dissertation

zur Erlangung des akademischen Grades
Doktor der Ingenieurswissenschaften

(Dr.-Ing.)
der Technischen Fakultät

der Christian-Albrechts-Universität zu Kiel

vorgelegt von

Max Schurwanz

aus

Hamburg

Kiel, 2025





Max Schurwanz, Enabling Technologies for Joint Communication and
Sensing in Aviation

Tag der Einreichung: 11.06.2025
Tag der Disputation: 25.11.2025

Berichterstatter: Prof. Dr.-Ing. Peter Adam Höher
Prof. Dr.-Ing. Robert Fischer





Preface
The completion of this dissertation marks the culmination of years of research, challenge,
and personal growth. This endeavor would not have been possible without the invaluable
support, guidance, and collaboration of numerous individuals and institutions, to whom I
express my profound appreciation.

First and foremost, I would like to express my sincere gratitude to my advisor at Kiel
University (CAU), Prof. Dr. Peter Adam Höher. His expert guidance, continuous support,
and insightful discussions have been fundamental to the development of this work. I am
also deeply grateful to Prof. Dr. Jan Mietzner from the Hamburg University of Applied
Sciences (HAW). Through his efforts, radar signal processing became a subject close to
my heart, and the Master-360 project made this work possible. The combined expertise
and encouragement of these two professors have profoundly shaped my academic growth
and professional development.

I am also grateful for the collaboration and discussions with my colleagues within the
Master-360 project. In particular, I extend my gratitude to Siying Wang (Fraunhofer
Institute for High Frequency Physics and Radar Techniques, FHR) for providing
measurement data from the radar system prototype and Dr. Reinhold Herschel (wavesense
GmbH) for valuable discussions and for providing measurement data from the SmokeBot
project. My sincere appreciation also goes to Dr. Askold Meusling (Airbus Group) for
his support and insightful discussions within the project. Furthermore, I am grateful to
Prof. Dr. Dirk Manteuffel and Lukas Grundmann (Leibniz University Hannover, LUH)
for our productive joint work and publication. Furthermore, I would like to thank
Prof. Dr. Tim Tiedemann and Maximilian De-Muirier (HAW) for our collaboration during
the measurement campaign and on the joint paper. I would also like to thank Dr. María
A. González-Huici (FHR) for her role during our EuRAD workshop organization and the
stimulating discussions that preceded it.

Furthermore, I would especially like to acknowledge my colleagues Dr. Andrej Harlakin,
Silas Oettinghaus, and Dr. Nils Johannsen for their fruitful cooperation on various research
papers. Their contributions and dedication have greatly enriched my work.

My gratitude also extends to my colleagues from the ICT chair: Sami, Ali, Hannes,
Martin, Sunasheer, Maurice, and Adrian, whose camaraderie and collaboration have made
this journey all the more enjoyable and rewarding.

Finally, I want to thank my wonderful wife Nicole for her unwavering support, patience,
and belief in me throughout this entire journey and my daughter Majvi for supporting the
last weeks of final touches.

i





Declaration
I hereby declare that I have produced this dissertation Enabling Technologies for Joint
Communication and Sensing in Aviation independently and without improper external
assistance and that I have identified all word-for-word quotations of other authors, as well
as comments based closely on other authors’ ideas, and I have listed the relevant sources.
Furthermore, this dissertation has not been submitted, partially or completely, to any
other university or institute in the context of an examination procedure. I declare that the
following work has been written in compliance with the rules of good scientific practice
of the German Research Foundation. Finally, I declare that no academic degree has been
withdrawn from me.

Kiel, February 6, 2026

Max Schurwanz
Frerichsstr. 8
24116 Kiel

iii





Abstract
Since the advent of the first radar system more than a century ago, this technology has
become an integral component of maritime and air traffic management. It facilitates
the safe and commercially viable operation and monitoring of these domains. In recent
years, significant advancements have been made in the miniaturization of commercial radar
systems for autonomous driving, resulting in the availability of compact and cost-effective
radar systems for road traffic. This work investigates different approaches to signal
processing using compressive sensing to optimize the performance of these radar systems.
Additionally, electronic beamsteering is employed as a complementary technology to
multiple-input multiple-output antenna arrays, with the objective of enhancing detection
accuracy within the angular range. Finally, unconventional antenna array designs, including
distributed arrays, are being investigated for their potential in optimizing evaluation using
compressive sensing. This is illustrated by the analysis of measurement data from a special
radar system with a high degree of randomness in the placement of its antenna element.
Prior to the advent of radar systems, wireless technologies were employed as a substitute for
cable connections in transmitting information. Since the introduction of this transmission
technology, there has been no end in sight to its success, as new applications with greater
bandwidth requirements continue to be developed. Consequently, frequency ranges have
become a scarce resource. Moreover, the development of novel systems must increasingly
account for and counteract the influences of existing systems and their interference. The
ongoing use of radar systems in autonomous driving has increased bandwith utilization.
This trend is likely to persist. In recent years, the development of joint communication and
sensing (JCAS) systems has been identified as a possible remedy. These systems facilitate
the wireless transmission of information and the analysis of the environment.
This work examines the emerging field of urban air mobility as a potential application
area for JCAS systems. A conceptual basis for such a system is provided. Subsequently,
the common waveform for this kind of system discrete Fourier transform (DFT)-spread
orthogonal frequency-division multiplexing (OFDM), is analyzed. A critical focus of this
analysis lies on the influence of non-linearities introduced by the power amplifier at the
transmitter. The analysis demonstrates that, under specific conditions, DFT-spread OFDM
is more suitable for implementation in a JCAS system compared to conventional OFDM.
Furthermore, a model for enabling the simultaneous development of flight platforms and
required wireless systems installed on them is presented, which can be used to optimize
the performance of these systems. Finally, the considerations for the JCAS system are
analyzed in an application example employing remotely-piloted aircraft systems.
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Kurzfassung
Seit der Entwicklung des ersten Radarsystems vor mehr als einem Jahrhundert ist diese
Technologie zu einem festen Bestandteil des See- und Luftverkehrsmanagements geworden.
Sie ermöglicht einen sicheren und ökonomisch effizienten Betrieb und die kontinuierliche
Überwachung dieser Bereiche. In den letzten Jahren wurden erhebliche Fortschritte bei
der Miniaturisierung kommerzieller Radarsysteme für das autonome Fahren erzielt, was
zur Verfügbarkeit kompakter und kostengünstiger Radarsysteme für den Straßenverkehr
geführt hat. In dieser Arbeit werden verschiedene Ansätze zur Signalverarbeitung
mittels Compressive Sensing untersucht, um die Leistung dieser Radarsysteme zu
optimieren. Außerdem wird die elektronische Strahlformung als ergänzende Technologie
zu Antennengruppen mit multiple-input mutliple-out Antennenarrays eingesetzt, um die
Erfassungsgenauigkeit im Winkelbereich zu verbessern. Schließlich werden unkonventionelle
Antennengruppen, einschließlich verteilter Antennengruppen, auf ihr Potenzial zur
Optimierung der Auswertung mit Hilfe von Compressive Sensing untersucht. Dies wird
durch die Analyse von Messdaten eines speziellen Radarsystems mit einem hohen Grad an
Zufälligkeit bei der Platzierung seiner Antennenelemente veranschaulicht.
Schon vor der Entwicklung der ersten Radarsysteme wurden drahtlose Technologien als
Ersatz für Kabelverbindungen zur Übertragung von Informationen eingesetzt. Seit der
Einführung dieser Übertragungstechnik ist ein Ende des Erfolgs nicht abzusehen, da immer
neue Anwendungen mit größeren Bandbreitenanforderungen entwickelt werden. Folglich
sind die Frequenzbereiche zu einer knappen Ressource geworden. Zudem müssen bei
der Entwicklung neuer Systeme zunehmend die Einflüsse bestehender Systeme und deren
Interferenzen berücksichtigt und ausgeglichen werden. Der fortschreitende Einsatz von
Radarsystemen beim autonomen Fahren hat die Bandbreitennutzung weiter erhöht. Dieser
Trend wird sich voraussichtlich fortsetzen. In den letzten Jahren wurde die Entwicklung
von JCAS-Systemen (Joint Communication and Sensing) als eine mögliche Abhilfe erkannt.
Diese Systeme ermöglichen die drahtlose Übertragung von Informationen und die Analyse
der Umgebung.
Diese Arbeit untersucht den aufstrebenden Bereich der Urban Air Mobility als potenziellen
Anwendungsbereich für JCAS-Systeme. Es wird eine konzeptionelle Grundlage für
ein solches System geschaffen. Anschließend wird eine mögliche Wellenform für diese
Art von System, DFT-spread OFDM, analysiert. Ein wichtiger Schwerpunkt dieser
Analyse liegt auf dem Einfluss von Nichtlinearitäten, die durch den Leistungsverstärker
am Sender verursacht werden. Die Analyse zeigt, dass sich DFT-spread OFDM unter
bestimmten Bedingungen besser für die Implementierung in einem JCAS-System eignet als
herkömmliches OFDM. Darüber hinaus wird ein Modell vorgestellt, das die gleichzeitige
Entwicklung von Flugplattformen und den darauf installierten erforderlichen drahtlosen
Systemen ermöglicht und zur Optimierung der Leistungsfähigkeit dieser Systeme genutzt
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werden kann. Schließlich werden die Überlegungen für das JCAS-System in einem
Anwendungsbeispiel mit remotely-piloted Aircraft Systems analysiert.
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1
Introduction

Exchanging information wirelessly using electro magnetic (EM) waves has been standard
practice for decades now and allows information to be communicated quickly over
long distances. This complemented dedicated cables or other connecting infrastructure
in many application areas [SSS09]. There is no end in sight to the increase in
demanded bandwidth due to new applications [GMBC19]. With each new generation
of mobile communications, greater bandwidths are needed which can only be found in
higher frequency ranges [RSM+13] like millimeter wave (mmWave) or terahertz (THz)
technologies [XJM+24; JZH+24]. The increasing use of the radio frequency (RF) spectrum
by existing and new systems leads to an increasing scarcity of available bandwidth and,
subsequently, in interference between di�erent systems operating in neighboring or reused
frequency bands. These interferences must be counteracted by ever new mechanisms, such
as interference mitigation, precoding, spatial separation, and waveform design [ZLEW19;
SQA+21], to ensure a reliable operation of legacy systems, when new systems are
introduced.

In addition to communication systems, other systems do also require bandwidth in the RF
domain, for example for sensing or localization purposes. At the time of the invention of the
radar by Christian Hülsmeyer in 1904 [GKK19], not only were the bandwidth requirements
of all existing RF systems signi�cantly lower than today but also the number of systems
was easier manageable. This enabled radar systems to be optimized for their own bene�t
without compromising for the sake of other RF systems. Their applicability in any weather
situation � especially fog and in darkness � and over long distances, enabled their use for
detecting ships [SSM16]. During the Second World War, they were also utilized for early
detection and warning of aircraft. After the World War, the compiled radar knowledge
migrated into various civil applications including ground-based radars for air-tra�c control
and airborne radar systems for pilot assistance and situational awareness [Sko85]. Nowadays,
ground based radars are employed in weather forecast, aircraft and vessel monitoring, and
many other �elds [Sko08]. Radar systems for collision avoidance are required for all larger
ships in order to enable safe maritime tra�c. Moreover, low-cost commercial o�-the-shelf
(COTS) radar systems in street tra�c enable driver assistance systems and, in the long
term, autonomous driving (AD) [WHM21]. Furthermore, weather and altimetry radar are
mandatory systems for large airplanes. Radars are fully independent of the illumination
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of a scene and are thus able to perform in complete darkness and many diverse weather
conditions, outperforming optical systems in many cases. Even more, a direct estimation
of a moving target's velocity through Doppler processing makes it the perfect choice for
use-cases with high-mobility and dynamically changing scenarios [RSH10].

The orientation of development activities in modern road transport towards increasing
automation in terms of AD has led to a growing need for compact, power-e�cient
and low-cost solutions [SGG19; SZ21]. They are used to create situational awareness
for autonomous vehicles as well as for driver assist systems in semi-autonomous
operations [SPP20]. As opposed to previously developed sensing solutions with large
antennas and high range requirements, modern and compact radar systems are tailored to
the requirements of AD with its low energy budget, strict size restrictions, and high price
restrictions [AW18].

Recent trends besides AD are tending towards urban air mobility (UAM), elevating
autonomous freight logistics and person transport into the third dimension � also referred
to as low-altitude economy[VSB19; MP23; CSLX24]. This is intended to enable modern
cities and metropolitan areas to �nd solutions to congestion away from road-based
transportation [YW21]. By the use of so-called (electrical) vertical take-o� and landing
(eVTOL) vehicles the diversity in the airspace is further extended [TMW+23]. New �ight
maneuvers, especially in the vertical dimension during automatic / vertical take-o� and
landing (ATOL / VTOL) [ZT24] as well as en-route demand for fast, secure, light-weight,
cost-e�ective and small installation-size radar systems with basically 360� coverage in
azimuth and elevation, are key drivers for the development of new and more advanced
radar systems. Due to the densi�cation of tra�c patterns, expected for UAM scenarios in
particular, each aircraft will need to be equipped with a multitude of systems, capable of
handling radio-based communication and localization or sensing tasks both automatically
and reliably [ABMP20]. If those are implemented as separate, isolated systems, the limited
installation space and increasingly becoming more scarce RF spectrum is likely to introduce
an increased level of interference, leading to fundamental coexistence problems.

The latest developments are seeking to e�ect a paradigm shift, moving away from
the isolated consideration of individual systems and towards a uni�ed approach to
development [PCB16; FFW+20a; ZRW+22; WQW+23a]. A common system design is
envisioned to minimize the problems of mutual interference between systems [Def16]. This
goal can be accomplished by either using the frequency or time domain through advanced
signal processing, the spatial domain through intelligent hardware design, or a combination
of both. Joint communication and sensing (JCAS) presents an exciting opportunity for
continued spectrum utilization by RF systems [FST+21]. By integrating communication
and sensing functionalities into a common system, resources can be used more e�ciently
and bandwidth can be better utilized for more users. In the past century, radar systems were
basically optimized for their own bene�t in detecting and sensing the environment. The
bandwidth and transmission energy were adapted to the requirements for resolution and
detection accuracy of the radar only. In parallel, digital wireless communication systems
entered everyday life, so that the spectrum got more and more occupied by di�erent systems.
This resulted in an increasing density of di�erent systems in the RF domain, which lead to
signi�cant mutual interference between systems depending on proximity and transmission
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energy. In recent years, mechanisms for suppressing and evading systems in the event of
mutual interference have been developed and implemented to avoid interference in a narrow
frequency range and to enable interference-free operation. With these, it is possible for
existing systems to exist side-by-side with new RF systems and still ful�ll their purpose.

1.1 Motivation and Addressed Challenges

Fig. 1.1 illustrates the vision of an urban environment with a multitude of di�erent
transportation solutions. Traditionally, systems optimized for a single task have been
implemented on �ight platforms. These include communication between ground and pilots
or communication between multiple �ight platforms. Furthermore, sensing functionalities
allow for the detection of surrounding vehicles and obstacles for situational awareness. With
increased airspace densi�cation and continued automation for safe and reliable operation,
the need for even more systems is given. An automatic platform must be capable of
communicating with other platforms in airspace and �ight operations centers on the ground.
Furthermore, non-cooperative obstacle detection and avoidance have to be possible [RSG16;
LFC+23].

This dissertation is motivated by the increasing spectral density of di�erent
non-cooperative communication and sensing systems [HWC+24]. Therefore, JCAS is
identi�ed as an overarching scope to develop such an optimized system that combines
communication and sensing functions in a coordinated manner [ZXM+19]. UAM is
selected as a possible application domain, as it o�ers a meaningful area of application
for new systems as an emerging trend in mobility [PGC+24; HVJ+24].

The results and discussions from theMaster-3601 project also motivated and supported
this work. Within the project, conceptual and engineering / development work was
carried out for the integration and implementation of an autonomous test vehicle in the
airspace. Based on realistic conditions, the requirements for the various communication
and sensing systems were derived. These requirements have been incorporated into the
design considerations for the systems presented in this thesis. Furthermore, measurements
from the developed systems from di�erent projects have been incorporated within this
dissertation. The results from the Master-360 project further motivated the choice of a
JCAS system in order to implement the di�erent requirements in a resource-e�cient way.

In terms of hardware selection, all-digital antenna arrays allow the use of advanced
signal processing techniques for both radar � in the form of compressive sensing (CS) �
and communication � in the form of multiple access (MA) techniques, like orthogonal
frequency-division multiple access (OFDMA). Generally, the proposed system model,
based on the baseband description can be employed in any available RF spectrum. Due
to size and weight limitations in envisioned and prototype UAM platforms, the mmWave
spectrum is selected, as it allows for small-size, light-weight and energy-e�cient antenna
arrays. Therefore, an orthogonal frequency-division multiplexing (OFDM)-based JCAS
solution for a remotely-piloted aircraft system (RPAS) operated from a central remote

1Master-360: Multisensor System for Helicopter Automation and Safe Integration of UAVs into Air
Tra�c with 360 � Coverage
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Figure 1.1: Envisioned scenario for multi-modal transportation solutions on the
streets, in water and in the air. This work lays its focus on UAM and is motivated by
the increasing challenges of a safe operation of (semi-)autonomous platforms in the
airspace.
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control location is proposed and analyzed in terms of both its sensing and communication
capabilities.

Besides the general goal of developing a JCAS system for an UAM application which
serves as a guideline through this thesis, the following topics serve as research objectives
throughout this work. For each topic, a number of own publications are referred to in
which the relevant �ndings have been published.

ˆ Electronically Steered Antenna Arrays [SMH22; SMH24]

ˆ Angular Resolution Enhancement [SMHH23; SMM+23]

ˆ Mutual Interference Countermeasures [SOMH22; SMH23a; SOMH24]

ˆ Waveform Selection for Joint Communication and Sensing [SMH23b; SMH25]

In the following, the mentioned topics are brie�y summarized, and the main contributions
of the resulting publications are pointed out.

Electronically Steered Antenna Arrays The reduction in the size of radar systems,
driven by budgetary constraints on cost and performance, has the e�ect of reducing
the range of the radar system due to the reduction of available output power at the
antenna(s). In UAM applications, this is may not be su�cient for the reliable detection
of targets in necessary ranges for safe operation2. A common approach to counteract
this limitation lays in combining the emitted energy from multiple antenna elements in
a coherent fashion [LXW+19]. This increases the transmit power and thus the range
capabilities3.

In its simplest form, the same waveform is simultaneously transmitted from all transmit
antenna elements, e�ectively forming a maximum of signal energy in direct boresight of
the antenna array. Analog or digital phase shifting elements can be employed, to steer
the main lobe in a certain angular direction by changing the relative phase between the
antenna elements transmit signals and thus changing the propagation pattern [JSP23].
This mechanism can be combined with advanced signal processing techniques to estimate
the direction-of-arrival (DoA) of an impinging signal, which is analyzed in [SMH22]. Here,
two orthogonally placed uniform linear arrays (ULAs) equipped with analog phase shifters
illuminate a given �eld of view (FoV). Utilizing CS as a DoA estimation algorithm and
detecting targets in both angular dimensions � azimuth and elevation � separately led to
a processing gain when compared to conventional multiple-input multiple-output (MIMO)
signal processing. This signal processing approach is motivated by a reduction in complexity
for DoA estimation, which is accomplished by the separated processing of both the angular
domains. Furthermore, the electronic beamsteering principle � although reducing the

2The exact requirements for such applications depend on multiple factors, e.g., size / radar cross sections
involved, relative velocities, safe detection ranges of obstacles and other airspace participants.

3This phenomenon is often accompanied by a reduction in another degree of freedom, in this case the
loss of the individual transmitting antenna elements, as these elements transmit a coherent signal
concurrently.
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degrees of freedom when compared to the MIMO processing mode � can be utilized to
again create new degrees of freedom by in the careful selection of beamsteering directions.

Extending this concept towards two dimensional (2D) antenna arrays with steering
capabilities in azimuth and elevation, [SMH24] analyzed the beamsteering patterns with
regard to the distribution of beamsteering angles in the FoV. Compared with the previously
applied one-dimensional beamsteering in [SMH22], the 2D approach was able to further
improve on the DoA estimation. Furthermore, an optimization criterion was found in the
Grammian representation of the beamsteered array factor that could be used to enhance
the DoA estimation of a given antenna by carefully selecting the beamsteering angles for
a given antenna array design.

Besides electronic beamsteering as a means of directing transmit energy towards a
prede�ned direction, digital precoding is already widely utilized in digital communications
applications. Channel state information (CSI) is used to adapt the information transmission
to a given channel environment. With the introduction of JCAS, precoding techniques
can be used to achieve the same goals [AE21; KDW24]. At this point, the �ndings
from the investigations into electronic beamsteering are helpful in optimizing the sensing
performance.

Angular Resolution Enhancement In addition to the range limitations due to the low
power budget when operating the radar system, the number of antenna elements installed
in COTS systems for the mass market for applications such as AD is very low. Fewer
antennas in conventional terms lead to a reduction in angular resolution for reliable sensing
of obstacles in the FoV compared to other systems with higher numbers of antenna elements.
Under certain conditions, these limitations can be partially circumvented by using advanced
signal processing methods [SSO+23] or by optimizing the layout of the antenna arrays for
the respective application [XSW+23; ZSK+23].

Both methods can be tested equally in the CS area4. CS in itself represents a possibility
for estimating the solutions to underdetermined linear systems of equations. For this
purpose, the solution of the system of equations must be `sparse', i.e. contain only very
few non-zero values. In [SMM+23], a COTS antenna array with two transmitters and
four receivers was used to demonstrate the possibilities of CS in an urban environment
for UAM. The antenna elements were aligned in a typical ULA fashion, resulting in a
highly regular virtual aperture using MIMO signals. With conventional signal processing
methods based on, e.g., the fast Fourier transform (FFT), the angular resolution would
not be su�cient for application in UAM. Using an advanced CS-based signal processing
approach, given the same data, a su�cient situational awareness image of the surrounding
obstacles and structures could be created. This way � under the restriction ofsparsity
in the observed scene � the dynamic in the generated picture was increased, which is
equivalent to an increase in angular resolution. The study employed an additional light
detection and ranging (LiDAR) sensor delivering baseline data used as a ground-truth for
validating the results of the CS algorithm.

Following CS theory, [HMHM21] illustrates the superiority of randomized antenna array

4The concept of CS is introduced and described in detail in Section 2.5.4.
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architectures with regard to target detection and target position estimation. Based on
that, unconventional antenna arrays were examined in [SMHH23] with regard to their use
with CS. The semi-circular antenna array with Hann-tapering as a spacing guidance for
the positioning of the antenna elements was originally developed to reduce the sidelobe
levels (SLLs) and increase the focus of the emitted energy without the need for amplitude
tapering [KCHP20; CKHP20] � a technique usually used to reduce SLLs, which results
in an overall lower signal level. It could be veri�ed that the envisioned SLL reducing
mechanism still holds when employing CS-based DoA estimation techniques. Furthermore,
the dynamics in the angular domain of the result could be signi�cantly improved, compared
to conventional signal processing techniques. This resulted in a notable enhancement
regarding the separation between the detected targets and the noise �oor.

Mutual Interference Countermeasures The multitude of RF systems required for
automation, which must be installed in a con�ned space and are indispensable for reliable
and safe operation, exacerbate the issues caused by mutual interference between individual
systems. These interference issues lead to the aforementioned proposition of an uni�ed
system in terms of JCAS.

The simulation model in [SMH23a] allows for an estimation of the received interference
power of a victim system. One commonly used approach to lower the interference between
adjacent systems is free-space attenuation of RF signals. By separating emitting systems
spatially, the in�uence of one system on the other is reduced, as the interference power
is signi�cantly attenuated with larger distances. In [SOMH22], an approach to target
detection using distributed MIMO antenna arrays was developed. Two goals were pursued
at the same time: On the one hand, the mutual interference should be reduced by greater
spatial separation of the individual systems. At the same time, widely distributed antenna
arrays provide improved detection results for �uctuating targets with angle-dependent
backscattering. This improvement by adapting the DoA estimate to the speci�c propagation
patterns of the widely distributed antenna arrays could be shown in [SOMH24].

Waveform Selection for Joint Communication and Sensing A promising solution to
interference problems of multiple independent RF systems aboard a single autonomous
vehicle is delivered in terms of JCAS. This concept combines multiple requirements, which
are otherwise ful�lled via separate systems, in a single uni�ed system. The back and
front ends of this shared system are used by the communication and sensing applications
in synergy. The decisive di�erence between the two functionalities originally lies in the
employed waveform of each system. While the bandwidth e�ciency of OFDM waveforms
is comparable to that of single-carrier systems, their robustness against channel fading has
rendered them highly attractive in the domain of communications technology. Furthermore,
OFDM based radar systems have been developed, making use of the orthogonality of
the subcarriers. One critical disadvantage for sensing applications is the relatively high
peak-to-average power ratio (PAPR) of OFDM signals. This so called Crest factor requires
an additional power back-o� at the transmitter which lowers the overall range of the radar
system. A solution to this problem can be found in a discrete Fourier transform (DFT)
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spreading operation to lower the PAPR. An implementation of a JCAS system based
on a DFT-spread OFDM signal and the corresponding receiver processing structure for
a frequency domain-based estimation of the distance of multiple targets was developed
in [SMH23b]. The range estimation is compared with a conventional OFDM-based radar
system with correlation based signal processing, showcasing the lower SLL with frequency
domain-based processing when compared to conventional matched �ltering. The full
system design for an RPAS using a DFT-spread OFDM-based JCAS signal for sensing and
communicating information back to a central remote piloting location (RPL), which was
�nalized in this thesis, is presented in [SMH25].

1.2 State-of-the-Art

Electronically Steered Antenna Arrays Electronically steered antenna arrays, otherwise
known as phased-array antennas, represent a considerable technological advance in the �eld
of radar and communication systems [Nic06]. In contrast to mechanically steered antennas,
phased-array antennas can electronically alter the direction of the antenna beam, allowing
for rapid beam steering and pattern shaping without the need for physical movement or
complex analog hardware [Mai18]. This capability is particularly advantageous in dynamic
environments where rapid response times are essential, such as in airborne and spaceborne
applications.

One of the primary advantages of phased-array antennas is their ability to shape the
radiation pattern to optimize speci�c performance metrics, e.g., for DoA estimation [SF05;
HSL11]. Recent studies have explored array pattern shaping techniques to optimize DoA
estimation, which is particularly critical in complex environments where signal re�ections
and interference are prevalent [DCL14; MV15; SDDW22]. Furthermore, advancements
in this area, such as those highlighted in [MAA23], demonstrate the ongoing evolution
of pattern shaping techniques to meet the increasingly stringent requirements of modern
systems.

Subarray partitioning represents a further crucial element of phased-array antenna design,
particularly in the context of MIMO systems [FA08; HV10; LH10; HV11; HMK+13].
The division of the antenna array into smaller subarrays allows for improvements in
system �exibility and robustness. This technique is particularly useful in environments
where di�erent parts of the array need to perform di�erent tasks simultaneously. This is
exempli�ed by hybrid analog-digital (HAD) radar systems. The parallels between subarray
partitioning in traditional phased arrays and its application in HAD systems illustrate the
versatility and adaptability of this approach [WS12].

The use of transmit beamforming in widely-separated antenna arrays has also
been a topic of recent research [TM22]. These systems utilize multiple antennas
positioned at considerable distances from one another [HBC08]. The separation between
the antennas enables the system to achieve higher angular resolution and greater
coverage [LHBC06], which makes it particularly useful in large-scale surveillance and
remote sensing applications.

The advancement of beamforming techniques has facilitated their integration into JCAS
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systems, where the same hardware is employed for both radar and communication functions.
This dual-use capability is essential for modern systems that require e�cient use of resources
and space, such as in autonomous vehicles and integrated networked environments [LM19].
The ability to dynamically adjust beam patterns to accommodate both communication and
sensing tasks represents a signi�cant step forward in the convergence of these traditionally
separated domains.

A novel paradigm in antenna design is represented by multi-mode antenna (MMA) or
multi-mode multi-port antenna (M 3PA) [MSM11; MM14; MM16]. These provide further
degrees of freedom for the excitation of the antenna element and enable more compact and
versatile antenna systems [JAH22; JHPM22]. They have also been employed for direction
estimation [PAZ+19; AJH24] and beamforming [JH20].

Angular Resolution Enhancement Angular resolution represents a critical factor in
radar systems, as it determines the system's ability to distinguish between closely spaced
objects in the angular domain. MIMO antennas have played a pivotal role in enhancing
angular resolution, leveraging multiple transmit and receive antennas to improve spatial
resolution [FHB+04; LS07; LS08; RSH10; Tre02]. This approach has been widely adopted
in a variety of applications, including automotive radar and wireless communication
networks.

The pursuit of higher angular resolution has resulted in the development of sophisticated
MIMO techniques, which can signi�cantly enhance system performance by increasing
the number of independent signal paths between transmitters and receivers [HBC08].
Furthermore, compact antenna designs have been proposed as a mean of achieving high
angular resolution in space-constrained environments [MMG+18], such as autonomous
aerial vehicles (AAVs) in UAM.

Precoding strategies that adhere to the zero forcing (ZF) criterion have gained
prominence due to their capacity to mitigate interference and facilitate e�ective separation
of user signals. By pre-processing the transmitted signals to cancel out interference, ZF
precoding allows for more accurate signal detection and improved spatial resolution [YG05].
This approach is particularly bene�cial in MIMO systems, where the complexity of signal
processing increases with the number of antennas.

CS processing has emerged as a powerful tool for enhancing angular resolution and
reducing the amount of data required for accurate signal reconstruction [CT06; CRT06].
CS techniques capitalize on the sparsity of signals to recover information from a reduced
number of measurements, thereby making them highly e�cient in radar systems [YPP09;
ASJA15]. In the context of radar applications, CS has been employed in domains such as
detection and imaging, where it facilitates the attainment of high-resolution outcomes at
reduced data acquisition costs [End10]. CS processing has also been successfully applied
to sparse antenna arrays, where it helps overcome the limitations of traditional array
designs by allowing for fewer antennas without compromising on performance [GZC18].
Furthermore, random antenna arrays, which can be designed sparsely, have bene�ted
from CS techniques in applications such as DoA estimation [RHE14; HMHM21] and
extended-target detection [RP20]. The utilization of widely-separated arrays serves to
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augment the system's capabilities by providing additional spatial diversity [CZW17].
In practical applications, the bene�ts of enhanced angular resolution are evident in

unmanned aerial vehicle (UAV) operations, where precise localization and navigation are
critical. The ability to accurately determine the position and orientation of the UAVs
in complex environments is essential for safe and e�cient operation [DKTS20]. This is
particularly true in urban areas for individual transport and freight logistics [Cok20]. The
use of advanced antenna arrays and CS techniques in these applications highlights the
importance of ongoing research in this �eld.

Mutual Interference Countermeasures As the prevalence of radar and communication
systems increases, the challenge of mutual interference between these systems attains
greater signi�cance, particularly in environments where multiple systems operate in
close proximity [PTS+18; ZLEW19]. Con�ned spaces, such as urban areas or indoor
environments, are particularly susceptible to interference, thereby necessitating the
development of e�ective countermeasures.

The reliable operation of vehicles in UAM scenarios is contingent upon the e�ective
management of interference, given the high density of vehicles and communication systems
that characterize these environments [TAB+18]. UAM applications, including individual
transport and freight logistics, necessitates the development of robust systems that can
operate reliably in the presence of signi�cant interference [RBPA18; Cok20; BR21]. It is
therefore imperative that techniques for mitigating interference are developed in order to
ensure the success of UAM and other emerging technologies.

The estimation of the radar cross-section (RCS) is a crucial aspect in the development
of interference mitigation techniques for emerging technologies such as UAM. Commonly
employed methods for this estimation include �nite-element method (FEM) and physical
optics (PO) techniques. The former is described in, e.g. [TKDA04], while the latter
is discussed in [Wei06; Smi13; ZZLW17]. By predicting and canceling interference
before it a�ects the system, pre-cancellation techniques can signi�cantly enhance system
performance and reliability [SSG+14]. This approach is particularly useful in environments
with high levels of interference, where traditional mitigation techniques may be insu�cient.

Waveform Selection for Joint Communication and Sensing The selection of an
appropriate waveform is a critical aspect in the context of JCAS systems. The choice
of waveform can have a profound impact on the performance of both communication and
sensing functions. The design of arbitrary waveforms tailored for detection or estimation
tasks has been a central focus in research for a long time [Bel93]. For instance, speci�c
waveforms can be tailored to enhance the probability of target detection or to re�ne the
precision of parameter estimation in radar systems [TZK+19; MBK+19; ZRW+22].

The advancement of JCAS systems has been propelled by innovations in technology,
exempli�ed by the Advanced Multifunction Radio Frequency Concept (AMRFC) [THE+05]
and the Shared Spectrum Access for Radar and Communications (SSPARC) project [Def16].
These technologies have facilitated the integration of communication and sensing
capabilities into a single platform, thereby reducing the necessity for separate systems
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and paving the way for more e�cient and compact solutions [PCB16; LML+18; ZLEW19].
The convergence of radar and communication in JCAS has been the subject of extensive

research [GCW+15], with pioneering contributions from [Mea63] and [CLP78] that have
served as a foundation for subsequent developments. The potential of JCAS systems
is a topic of ongoing investigations with comprehensive reviews available in [PCB16;
FFW+20b; LZD+22; WQW+23b]. These works highlight the ongoing evolution of
JCAS technologies and their growing importance in a variety of applications. These
applications range from improving the coexistence of separated or partially-integrated
systems as in communication-radar (CommRad) [NTDE16] or radar-communication
(RadCom) systems [SRSZ11; HAAH19] to more advanced concepts for recon�gurable
systems [GSM+07; GSK10], e.g., in software-de�ned radios (SDRs) [REM11]. Furthermore,
practical applications in AD and UAM [AGHG20; CVG+16; ZRW+22], defense and
security [GCW+15], and 6G networking [AOB+20; FFC+23; MOR+23; EASZ23] are
proposed.

The objective of JCAS systems is to identify a solution that reconciles the competing
demands of radar and communication functions. To address this issue, researchers have
investigated a range of potential waveform designs that could satisfy the requirements of
both domains. For example, OFDM [Sal67] has been the subject of extensive research due
to its ability to accommodate both communication and radar functions within a single
waveform [SZW09; GSM+07; GSK10]. It can be used for multi-user or multi-antenna
operations [Bol06], presents a good range resolution [FNG06] and a constant signal
envelope [TAP+08]. OFDM is particularly advantageous due to its resilience against
multi-path interference and its ability to e�ciently utilize available bandwidth. Recently,
OFDM was further employed in frequency domain-based processing to even further enhance
its JCAS capabilities [MPVZ19].

Another waveform design that has been considered for JCAS applications are
spread-spectrum methods [MUN93]. Direct sequence spread spectrum (DSSS) spreads
the signal across a broader frequency range than the information bandwidth, enhancing
resilience to interference and improving the system's ability to detect weak signals [SBP06].
However, the trade-o�s between bandwidth e�ciency and detection performance need to
be carefully managed in JCAS systems.

Orthogonal time frequency space (OTFS) modulation represents a more recent
development that o�ers potential advantages for JCAS, particularly in challenging
environments with high mobility or severe multi-path conditions [HRT+17; RPHV18;
GKCC20b]. OTFS modulation transforms the time-frequency domain into a delay-Doppler
domain, which can provide improved resilience to channel variations and enhance the
system's ability to track moving targets [YWL+21; GKCC20a]. JCAS systems using
OTFS are able to balance between the resource sharing between communication and sensing
and thus might be better suited than waveforms like OFDM or DSSS [KCK18; HRT+17;
GCC22]. It further experiences a lower PAPR than the other mentioned waveforms [SAC19].

The selection of a waveform in JCAS systems necessitates a consideration of the inherent
trade-o�s between the sharing of resources and the commonality of the waveform. Although
the utilization of shared resources can facilitate the development of more e�cient system
designs, this approach may also result in the imposition of performance constraints. To
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illustrate this, the PAPR represents a pivotal aspect in the design of waveforms, particularly
in systems operating within constrained power environments [SAC19]. Techniques to reduce
PAPR, such as those proposed in [MH97; Tel00; YYKS06; JW08], can be employed to
further increase the performance in JCAS systems. In [ZW23], the use of a DFT-s-OFDM
waveform for MIMO-JCAS systems in UAM, with the objective of reducing the PAPR
in comparison to conventional OFDM is investigated. As dynamic scenarios pose the
challenge of coordinating multiple uncoordinated participants in a network, [MWX+24]
presents resource allocation techniques for networks consisting of multiple UAV using JCAS
waveforms. Cooperation schemes for such networks are further detailed in [MHWL22].
Finally, [JPL24] proposes a novel approach to OFDM-based JCAS systems, addressing the
estimation of both range and velocity in a simultaneous manner.

The aforementioned concept of UAM, otherwise termed low-altitude economy, is expected
to bring about a paradigm shift in personal transport and freight logistics [SD23; HSW24].
The integration of numerous small aviation platforms into commercial airspace or urban
areas is anticipated to be addressed by novel concepts such as JCAS in current and future
research. [KM22; YWHD24; JPL24].

In addition to the selection of the appropriate waveform, the accurate modeling of power
ampli�ers (PAs) is crucial for JCAS systems. PA models facilitate an understanding of
the non-linearities and distortion e�ects that can impact waveform performance, thereby
enabling more accurate predictions of system behavior under various conditions [ZLH+17].
Finally, the concept of a common measure for both radar and communication, such as
the estimation rate, has been proposed as a metric to unify these traditionally separate
domains [Bli14; PB15; CPJB16; CPB17; LHP24a; LHP24b]. The objective of this approach
is to establish a more integrated framework for assessment of JCAS systems, re�ecting the
increasing convergence of radar and communication technologies.

1.3 Authors Contributions

The following presents the authors publications relevant for this thesis in a chronological
order.

Authors Publication List

[SMH22] M. Schurwanz, J. Mietzner, and P. A. Hoeher, �Compressive Sensing for
Direction-of-Arrival Estimation Using an Electronically Steered Multiple-Input
Multiple-Output Array,� in Proc. 18th European Radar Conference (EuRAD),
London, Great Britain, Apr. 2022, pp. 401�404.
Abstract: Multiple-input multiple-output (MIMO) signal processing on large radar
sensor arrays can be accomplished by using orthogonality in the time domain with
time division multiplexing (TDM), where only one transmit antenna element is
active per time slot. In this contribution, the MIMO-TDM system is compared
to transmitter-side electronic beamsteering in azimuth direction � for the case that
a MIMO array is used and direction of arrival estimation is done via compressive
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sensing techniques. It can be shown that the angular resolution can be enhanced
compared to conventional MIMO-TDM processing thanks to additional degrees of
freedom provided by transmitter-side beamforming (BF), using the same number of
physical antenna elements.

[SOMH22] M. Schurwanz, S. Oettinghaus, J. Mietzner, and P. A. Hoeher, �Using
Widely Separated MIMO Antennas for UAV Radar Direction-of-Arrival Estimation,�
in Proc. 19th European Radar Conference (EuRAD), Milan, Italy, Sep. 2022, pp.
281�284.
Abstract: Distributed sensor systems can reduce inter-system interference on
platforms like unmanned aerial vehicles (UAVs) when di�erent radio frequency (RF)
systems are operated in parallel in a con�ned space. Further densi�cation of airspace
and an increasing degree of automation lead to additional requirements for the safety,
reliability and accuracy of these types of sensor systems. This paper investigates the
possibilities of using digital beamforming (DBF) and compressive sensing (CS) with
widely distributed antenna arrays as an alternative to conventional multiple-input
multiple-output (MIMO) arrays colocated in a central position. It can be shown
that, taking into account path length di�erences caused by large antenna spacings,
accurate direction-of-arrival (DoA) estimation is still possible, with the bene�t
of allowing a more relaxed antenna placement with regard to inter-system interference.

[SMH23b] M. Schurwanz, J. Mietzner, and P. A. Hoeher, �DFT-spread OFDM
Frequency Domain Processing for Joint MIMO Radar and Communication,� in
Proc. 26th Workshop on Smart Antennas (WSA) and 13th Conference on Systems,
Communications, and Coding (SCC), Braunschweig, Germany, Feb. 2023, pp. 1�6.
Abstract: Current trends regarding the next generation of mobile communications
envision a convergence of the �elds of communication and sensing. This is
particularly true for mobile platforms o�ering rather con�ned installation spaces,
e.g. in autonomous driving (AD) or future urban air mobility (UAM) applications.
Communication systems recognize their environment through sensing functionalities
and optimize their transmission power accordingly. At the same time, sensing
systems implement communication features to increase bandwidth e�ciency. Finding
a well-suited waveform that can combine both features in one is a key aspect
of current research in communication and sensing convergence. This paper
investigates a frequency-domain based receiver processing scheme for using discrete
Fourier transform (DFT)-spread orthogonal frequency-division multiplexing (OFDM)
waveforms in joint communication and sensing (JCS) systems. In particular, we
combine multiple-input multiple-output (MIMO) radar with wireless communications
o�ering spatial diversity and/or multi-user operation. The performance of the system
is evaluated in terms of communication and sensing characteristics (regarding the
resulting peak-to-average power ratio, PAPR, and the resulting range sidelobe levels,
SLLs, respectively), and advantages compared to matched-�lter based time-domain
processing at the receiver are pointed out.
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[SMH23a] M. Schurwanz, J. Mietzner, and P. A. Hoeher, �Characterization of Radar
Self-Interference on Air Platforms Using Physical Optics Approximations,� inProc.
22th International Radar Symposium (IRS), Berlin, Germany, May 2023, pp. 1�10.
Abstract: In addition to optical sensor systems, urban air mobility (UAM) and
autonomous driving (AD) platforms primarily use radar systems to automatically
monitor their surroundings and to detect obstacles in the vicinity. In order to exploit
the full performance of the radar system, the �eld of view (FoV) of the antenna array
must not be obstructed by structures of its own platform of operation. However,
unwanted backscatter that is not directly within the line of sight (LOS) of the radar
system can also compromise the performance of the radar system. This work addresses
the estimation of self-interference e�ects due to backscatter from structures of the own
platform on the performance of the radar. To this end, an exemplary computer-aided
design (CAD) platform model for future UAM scenarios is employed and a physical
optics approach is chosen, in order to assess expected self-interference levels. The
presented procedure can serve as a basis for corresponding installation concepts. This
results in important contributions regarding the optimization of the performance of
the entire radar system and may also serve as a starting point for coordinating the
radar system with further on-board radio-frequency (RF) systems.

[SMHH23] M. Schurwanz, J. Mietzner, R. Herschel, and P. A. Hoeher, �Compressive
Sensing Techniques Applied to a Semi-Circular mmWave MIMO Array,� inProc.
22th International Radar Symposium (IRS), Berlin, Germany, May 2023, pp. 1�10.
Abstract: This paper addresses the experimental evaluation of compressive sensing
(CS) based direction-of-arrival (DoA) estimation using a millimeter-wave (mmWave)
multiple-input multiple-output (MIMO) semi-circular array. The hardware design
provides a highly randomized virtual array, making it well suited for use with CS.
In addition, other commonly used array topologies are compared to the hardware
implementation using numerical simulations. Comparing the di�erent topologies, it
is shown that CS works better in combination with a pseudo-random virtual array
than with uniform arrays. Moreover, the better performance of the CS approach
paired with a semi-circular topology compared to conventional beamforming (BF) is
demonstrated by the higher dynamic range in the angular spectrum.

[SMM+23] M. Schurwanz, J. Mietzner, M. De-Muirier, T. Tiedemann, P. A. Hoeher,
�Compressive Sensing based Obstacle Detection for Future Urban Air Mobility
Scenarios,� inIEEE Sensors Letters, vol. 7, no. 11, pp. 1�4, Nov. 2023.
Abstract: To enable a safe and reliable operation in future urban air mobility
scenarios with a large number of autonomous aerial vehicles, automatic sensing
systems will be required during the starting and landing phase, as well as through
comparatively narrow air spaces typical for urban areas. This letter shows
an implementation of a compressive sensing (CS)-based obstacle-detection and
direction-of-arrival (DoA) estimation approach. To this end, a multiple-input
multiple-output (MIMO) frequency-modulated continuous wave radar system with
two transmit and four receive antenna elements is employed to sense the environment
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and provide situational awareness from a virtual aperture with eight antennas.
Example measurements result from a typical urban air setting with a priori
unknown sparsity. The results show that greater signal dynamics are attained
from CS compared to conventional beamforming-based DoA estimation techniques.
Furthermore, measurements are veri�ed by corresponding time-synchronous LiDAR
measurements. CS-based obstacle detection and DoA estimation is shown to work,
even in complex measurement environments.

[SOMH24] M. Schurwanz, S. Oettinghaus, J. Mietzner, P. A. Hoeher,
�Compressed-Sensing-based DoA Estimation in MIMO Radar with Distributed
Antenna Arrays for Medium-Sized Autonomous Aerial Vehicles,� inIEEE Aerospace
and Electronic Systems Magazine, Apr. 2024.
Abstract: Two modern trends are currently shaping research e�orts in the �eld of
automated radio-frequency systems: autonomous driving and urban air mobility.
Those topics have signi�cant similarities regarding their requirements with respect
to communication and sensing. These two classes of systems must ensure maximum
availability and reliability while functioning side by side in a con�ned installation
space. In this context, coexistence considerations are becoming increasingly
important. By dividing antenna arrays into subarrays and increasing their distance,
the mutual interference can be reduced. Radar system panels can be split into bi- or
multi-static subpanels, providing additional bene�t from higher angular resolution
and better detectability of small targets with �uctuating radar cross-sections.
In this paper, a system model for bistatic multiple-input multiple-output radar
arrays is presented, which is investigated in terms of its consequences on radar
performance. The e�ect of compressive-sensing-based direction-of-arrival estimation
on signal processing is assessed. By analyzing the beam pattern of the bistatic
system compared to the monostatic case with the same number of antenna elements,
limiting factors that restrict the range and angular resolution of the radar system
on the hardware side are identi�ed and conclusions for the optimal deployment of
bistatic radar systems are drawn.

[SMH24] M. Schurwanz, J. Mietzner, P. A. Hoeher, �Increasing Estimation Performance
of Compressive Sensing based MIMO Radar using Electronic Beamsteering,� inIET
Radar, Sonar & Navigation, Jun. 2024.
Abstract: Two-dimensional direction-of-arrival (DoA) estimation in azimuth and
elevation via radar systems equipped with uniform rectangular arrays (URAs) will
play an important role in various application areas�most distinctively in future urban
air mobility settings with unmanned aerial vehicles. A key factor is the fast and
reliable provision of target detections in terms of range and DoA for safe autonomous
operation of the vehicle using on-board antenna arrays with compact installation size.
The authors present a technique for improving the performance of DoA estimation
using compressive sensing in conjunction with multiple-input multiple-output arrays
with electronically steered beams in the transmit direction. The simulation study
investigates the impact of di�erent design considerations on radar signal processing
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performance. An optimisation of a radar system using electronic beamsteering in the
transmit domain is presented numerically. Based on the architecture of the URAs
used, performance and detection accuracy can be improved.

[JSG+24] N. L. Johannsen,M. Schurwanz, L. Grundmann, J. Mietzner, D. Manteu�el,
P. A. Hoeher, �Joint Communication, Sensing and Localization in Airborne
Applications: Waveform Design and Multi-Mode Multi-Port Antennas,� in IEEE
Access, Nov. 2024.
Abstract: The anticipated trends in mobility, either autonomous driving or urban
air mobility (UAM), require wireless services to achieve mandatory reliability and
safety levels. The number of wireless systems already in-use, especially airborne,
occupy regulated spectra. In order to mitigate the impact of a large number of
systems mounted to airborne platforms, we propose to combine enabling techniques.
These include the joint waveform design, multi-mode multi-port antennas (M3PAs),
and appropriate beamforming techniques for joint communication, sensing and
localization (JCSL). Our study �nds that employing DFT-spread OFDM results in
a more consistent radar performance compared to conventional OFDM, highlighting
a novel application of this waveform design in JCSL systems. M3PAs are explored as
a candidate system for performing JCSL using a single antenna radiator. It is shown
how the orthogonality properties of M3PAs are bene�cial for avoiding crosstalk in
JCSL. We therefore review mature and actively employed techniques and discuss
the applicability of M 3PAs and novel waveform designs for JCSL. This study aims
to conduct a thorough analysis of current systems in operation. Furthermore, design
concepts that facilitate the implementation of the JCSL concept in UAM and airborne
applications are introduced and discussed.

[SMH25] M. Schurwanz, J. Mietzner, P. A. Hoeher, �DFT-spread OFDM-based MIMO
Joint Communication and Sensing System,� inIEEE Open Journal of Vehicular
Technology, Mar. 2025.
Abstract: This paper introduces a joint communication and sensing (JCAS)
system design that employs a discrete Fourier transform (DFT)-spread orthogonal
frequency-division multiplexing (OFDM) waveform integrated with a multiple-input
multiple-output (MIMO) antenna array. This system has been designed with the
speci�c requirements of future remotely piloted or autonomous aircraft systems
in urban air mobility (UAM) settings in mind. The objective is to provide
high-bandwidth data transmission in conjunction with precise radar sensing, thereby
enhancing situational awareness and facilitating e�cient spectrum usage. The paper
makes a number of signi�cant contributions to the �eld, including the development of
a �exible MIMO DFT-spread OFDM system model and the introduction of a phase
compensation term for comprehensive direction-of-arrival estimation. Additionally,
the e�ects of non-linear power ampli�ers on system e�cacy are analyzed through
detailed simulations, providing a rigorous evaluation of the proposed design's
practicality and resilience. The numerical analysis establishes a framework for
the design of a JCAS system for UAM, taking into account the in�uence of
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Ch. 2: MIMO Radar

Ch. 3: Radar DoA Optimization

Electronic Beamsteering
MIMO Radar Design

Ch. 4: Wireless
Communication Fundamentals

Ch. 5: Joint Communication
and Sensing Systems

Common System Design
Common Waveform Design

Ch: 6. Application to UAM
Integrated Vehicle and System Design

UAM Sensing Performance Improvement
Common JCAS System Design

Figure 1.2: Illustrative overview of the structure of this dissertation and the
connection between the individual chapters.

realistic electronic components and the respective performance requirements for
communication and sensing.

A compendium of further publications by the author, produced during the author's
doctoral period but not directly related to the present thesis, can be found in the
Appendix E.

1.4 Structure of Dissertation

In the context of complex tasks in challenging environments, such as those encountered
in AD and UAM, and in situations where installation space is limited, it becomes
necessary to implement specially tailored radar and communication solutions. These are
developed and validated as part of the present work and ultimately contribute to the
formulation of corresponding JCAS concepts. These, in turn, are applied to the example
of UAM and subjected to examination. This work thus encompasses the range from
the conceptualization of individual technical solutions to their implementation within an
overarching system context, for which the aforementionedMaster-360 project delivered
pivotal side constraints.

The content of this dissertation is structured as illustrated in Fig. 1.2: Chapter 2 deals
with the foundations for theoretical radar system design and signal processing. It thus
serves as a basis for the analysis presented in the subsequent chapters. First, the system
model and its assumptions are described. The signal model and in�uences from noise
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and clutter are discussed, before presenting di�erent target models used for modeling
adverse target behavior. This is followed by signal processing techniques used to determine
target parameters from the received echo signals. Finally, di�erent antenna array design
approaches are presented ranging from conventional designs to more advanced approaches.
This is oriented on the results presented in Chapter 3, where the radar DoA estimation
results are presented, based on di�erent antenna array designs. Furthermore, the concept
of electronic beamsteering and innovative DoA estimation in the form CS techniques is
analyzed. In addition to the essentials of radar, a foundation in the principles of system
design and signal processing of communication systems is imperative for comprehension
of the subject matter pertaining to JCAS. This fundamental knowledge is addressed in
Chapter 4, thereby establishing the foundational framework for the subsequent chapters.
Again, the system and the signal model are introduced �rst, before considering di�erent
MA techniques and linear modulations available to enable JCASs. Finally, precoding
and beamforming techniques are described, enabling an improvement in communication
and sensing performance. The results from the JCAS design are presented in Chapter 5.
First, general considerations for system design are introduced, before DFT-spread OFDM
is further exploited as a waveform to enable such systems. The chapter closes on an
analysis of the clipping behavior of the di�erent waveforms using a realistic non-linear
PA model. Chapter 6 compiles the gained conclusions and applies them to UAM. Here,
considerations for the integrated vehicle platform and system design are presented, resulting
in less interference from re�ections on the own platform. Furthermore, the results of a
measurement study are presented, showcasing the performance of CS-based DoA estimation
in an urban environment. Finally, an analysis of the combined communication and sensing
performance of an OFDM and DFT-spread OFDM based JCAS system is presented.
Chapter 7 concludes this thesis and closes with an outlook on future research directions.

The notation throughout the dissertation, which comprises among others acronyms and
mathematical notations, is listed in Appendix A. The CS algorithms used in the various
analyses are listed and described in Appendix B and the PO model used in Chapter 6
to enable an estimation of the backscattering power is further explained in Appendix C.
Further publications by the author that were produced during the author's doctoral period
but are not directly related to the present thesis, can be found in Appendix E and all
literature referenced throughout the thesis is compiled in Appendix F.
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2
Multiple-Input Multiple-Output Radar

When Christian Hülsmeyer �led the �rst patent for a radar system in 1904 another use-case
for radio frequency (RF) systems was invented � detection and ranging [Bro99]. Since
then, systems used for sensing their environments have come a long way. Its less weather
dependent availability made radar well-suited for use in detecting vessels in poor visibility
� especially in fog � and over long distances. During the Second World War, the focus
shifted towards ground-based applications for detection (sensing) and localization of aerial
vehicles, for example for early-warning and �re-control tasks. After the World War, the
compiled radar knowledge migrated into various civil applications including ground-based
radars for air-tra�c control and airborne radar systems for pilot assistance and situational
awareness. Through general advancements in RF system technology and digital systems
building the backbone for processing vast amounts of data, focus in radar development has
shifted from traditionally pulse-based sensors to fully digital sensor arrays with multiple
antenna elements for angular diversity [FHB+04]. To accomplish these advancements, the
signal processing part of radar systems has gained importance and waveform design to
support multiple orthogonal signals is of special interest.

The following sections provide a basic understanding of the radar system model as
illustrated in Fig. 2.1, starting with an overview of radar system design in Section 2.1. The

Figure 2.1: Simpli�ed overview of radar system components and respective signal
domains marked as colored boxes. The signal mainly travels along the path marked
by arrows. Depending on the system design, an exchange of information between the
back- and frontends might be necessary.
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air interface part, comprising the signal transmission by the radar transmitter, re�ection at
the target, and signal reception at the radar receiver is in the following denoted as "channel",
in relation to wireless communication channel models. The general baseband system model
is introduced in Section 2.2. A signal model is presented in Section 2.3, which also covers
the modeling of targets, clutter and noise in the channel. Subsequently, waveform design for
multiple-input multiple-output (MIMO) and phased-array radar systems is introduced in
Section 2.4. The signal processing to estimate target parameters is discussed in Section 2.5.
Here, a frequency-modulated continuous-wave (FMCW) radar is used as an exemplary
basis to illustrate the working principle of di�erent target parameter estimation techniques.
A particular emphasis is put on direction-of-arrival (DoA) estimation, which is illustrated
using various algorithms, including compressive sensing (CS). The chapter concludes with
Section 2.6, in which various commonly used antenna array design philosophies and a �nal
summary are presented.

2.1 An Overview of Radar System Design

Radar, as an acronym forra dio detection and ranging, encapsules a variety of di�erent
systems with the premise to employ RF signal re�ections from objects in the �eld of view
(FoV) of some antenna to estimate parameters of the objects of interest. In its basic form,
this kind of system enables measuring the distance between the radar system and other
objects by measuring the time of �ight (ToF) of the RF signal and/or the (radial) velocity
of targets objects by evaluating phase di�erences. In more advanced applications, imaging
radars can be used to deliver an image-like representation of a sensed object.

The placement of individual parts of a radar's frontend components � namely its antenna
elements � di�erentiates radar systems in the categories of mono-, bi-, or multi-static
systems. Conventional compact radar systems are usually considered mono-static with
their antenna elements for transmission and reception being identical or placed in close
proximity. From a signal processing standpoint, this kind of radar system is simple to
implement, as the transmitted signal can be made coherently available to the receive
signal processing chain. Bi-static and multi-static systems are radar systems with two or
multiple transceiver units with large inter-unit spacing exceeding several or even hundreds
of wavelengths of the employed RF signal. Radar systems of this type present additional
challenges in implementing a coherent signal processing scheme at each receiver. Then
again, considering angular diverse targets, a distributed radar system in the form of bi- or
multi-static radar can be bene�cial for target detection capabilities [HBC08].

Although all radar systems must be capable of receiving RF signals for the system to
work, a di�erentiation between active and passive radar is made. An active radar actively
transmits an RF waveform into the environment. These signals are picked up by the
radar receiver to estimate target and obstacle parameters based on the knowledge of the
previously transmitted waveform. In the case of a passive radar, an already present RF
waveform is utilized for parameter estimation. One advantage of such a radar system lays
in its silentness regarding RF emission, which does not reveal its position. This is why
passive radars are a common choice for reconnaissance applications. Considering the vast
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congestion of most RF spectra, passive radar also helps in reducing further usage of such
and is thus bene�cial.

Primary radar describes a basic radar application in which the signal emitted by the
transmitter is re�ected at a non-cooperative, passive radar target and then recorded
and analyzed by the radar receiver. Secondary radar, on the other hand, is based on
communication between the radar device and a cooperative radar target, which has its
own transmitter and receiver in a transponder. The illuminated target sends a response
and thus reacts to the radar signal emitted.

Most conventional radar systems can be distinguished into two di�erent waveform
categories: Either, the radar is pulse based and emits short pulses with high instantaneous
power or the radar employs continuous approach, e.g., by emitting a continuous wave
(CW) with lower power. Pulse-based radar systems have been the dominating radar type
since the invention a century ago. The length of the emitted pulse determines �rstly the
blind region of the radar, as during transmission, the receiver can usually not receive any
re�ections from close targets. Secondly, longer pulses result in higher range ambiguities, as
closely located targets shadow each other. Furthermore, due to their high instantaneous
power requirements, pulse based radar systems are mainly utilized in applications with no
energy restrictions. The high transmit power makes them suitable for applications with
large range requirements.

The introduction of autonomous driving (AD) applications alleviated the research in the
direction of small and energy-e�cient sensors for detecting obstacles in the close range to
a platform. This led to the introduction of continuously emitting CW-based radar systems.
Instead of measuring the ToF of a received echo signal directly, as with pulse-based systems,
a modulated signal is transmitted and mixed with its time-shifted echo after reception.

This work deals with active monostatic radar systems with antenna arrays comprising
several transmitting and receiving antenna elements. As CW-based waveforms have become
the norm for small, compact, lightweight, and low-cost sensor systems, the primary focus is
on conventional FMCW signals. In the later parts of the exploration of joint communication
and sensing (JCAS) systems, other signal forms based on orthogonal frequency-division
multiplexing (OFDM) for the joint use of communication and sensing applications will be
discussed.

Depending on the radar application, di�erent RFs are used. With developments in
integrated circuit design and increasing needs for bandwidth, applications tend to increase
their operating frequencies [Sko08]. Thus, modern radar applications are designed for
the millimeter wave (mmWave) band. The following list highlights prominent RF bands
with some of their respective applications. Naming conventions are de�ned following the
Institute of Electrical and Electronics Engineers (IEEE) standard in [Rad20].

High frequency (HF) Band ( 3 MHz-30 MHz) radar systems are typically used for
over-the-horizon (OTH) radar applications. OTH radar systems were developed
during World War II to detect and track aircraft and ships beyond the line of sight.
They are still used for long-range surveillance and monitoring, particularly in maritime
environments.

Very high frequency (VHF) Band ( 30 MHz-300 MHz) radar systems are commonly
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utilized for air tra�c control, weather monitoring, and early warning systems. They
provide long-range coverage and are particularly e�ective in detecting aircraft and
weather phenomena such as thunderstorms.

Ultra high frequency (UHF) Band ( 300 MHz-3 GHz) radar systems �nd extensive use
in military applications such as ground surveillance, target tracking, and missile
guidance. They are also used in civilian applications like weather radar and air tra�c
control. UHF radar became prevalent during the Cold War era due to its e�ectiveness
in detecting small targets.

L-Band ( 1 GHz-2 GHz) radar is also commonly used in aviation for weather detection, air
tra�c control, and aircraft surveillance. It provides moderate range and resolution,
making it suitable for various applications in both military and civilian sectors.

S-Band (2 GHz-4 GHz) radar systems are widely employed in military and civilian
applications, including air and missile defense, weather monitoring, and airport
surveillance radar. S-band radar o�ers a good balance between range, resolution,
and atmospheric penetration.

C-Band ( 4 GHz-8 GHz) radar is extensively used for weather forecasting, maritime
navigation, and ground-based surveillance. Its relatively high frequency enables
better resolution than lower bands, making it suitable for applications where detailed
target information is essential.

X-Band ( 8 GHz-12 GHz) radar systems are commonly employed in military applications
such as missile guidance, target tracking, and battle�eld surveillance. They are
also used in civilian applications like maritime navigation, ground surveillance, and
airport runway monitoring due to their high resolution and compact antenna size.

Ku-Band ( 12 GHz-18 GHz) radar �nds use in weather monitoring and ground-based
surveillance. Its higher frequency enables even greater resolution than X-band radar,
making it suitable for applications where �ne target discrimination is required.

K-Band ( 18 GHz-26:5 GHz radar systems are typically used for tra�c speed detection and
short range radar functionalities.

Ka-Band ( 26:5 GHz-40 GHz) radar systems are primarily used in space-based radar and
automotive radar applications. The Ka-band o�ers high data transfer rates and
improved resolution, making it suitable for high-performance radar systems.

W-Band ( 75 GHz-110 GHz) radar is utilized in short-range, high-resolution applications
such as automotive radar for collision avoidance, mmWave imaging, and industrial
sensing. Its very high frequency enables ultra-�ne resolution but is limited by
atmospheric attenuation and absorption.

mm-Band ( 110 GHz-300 GHz) This range is commonly utilized in high-frequency radar
systems for short-range applications such as gesture recognition, object tracking, and

22



Figure 2.2: Example illustration of a radar system withM = 1 transmit and N = 1
receive antenna elements located in theyz-plane of the radar-centric coordinate system.
A single target is present given by its polar-coordinate locationp1 = [r1; � 1; � 1]T

relative to the radar origin.

security screening. MmWave radar o�ers extremely high resolution and accuracy,
making it suitable for precise localization and identi�cation of objects in environments
where �ne detail is critical, such as in industrial automation, surveillance, and
advanced sensing systems.

Unless otherwise emphasized, this work shows algorithms and techniques that can in
principle be applied in any frequency range. Practical applications (e.g., with measurement
data) were developed for radar systems in the L-, Ku-, W-, and mm-Band.

2.2 System Model

The radar system model considered in this work is mostly based on the initial derivation
of the MIMO system model [LS08]. It is given by two antennas, one for transmit and one
for receive operation. Such antennas could be given by single antenna systems with only
one antenna element or by advanced antenna arrays of multiple elements. Due to the RF
antennas reciprocity, a general assembly of transceiver elements, capable of simultaneous
or switched transmit and receive operation, could be used as well.

The generic case describes a set ofM transmit and N receive antenna elements de�ned
by their respective three dimensional (3D) Cartesian coordinates

pTx ;m = [ xm ; ym ; zm ]T ; m = 1; : : : ; M (2.1)

and
pRx;n = [ xn ; yn ; zn ]T ; n = 1; : : : ; N: (2.2)

Generally, these antenna elements can be placed in arbitrary locations. Usually, they
are located in common coordinate planes, thus, at least one of the dimensions is zero for
all antennas in each one of the arrays (e.g., for a transmit array located in theyz-plane
xm = 0 for all m = 1; : : : ; M ). Furthermore, as the coordinates are commonly de�ned
antenna-centric, one of the antenna elements is typically located in the origin of the
coordinate system.
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Each transmit antenna element emits one of theM discrete-time baseband signals given
by

s(l) =
h
s1(l ) : : : sM (l )

i T
; (2.3)

for each of theL samplesl = 1; : : : ; L. Generally, these transmitted probing signals
are narrowband and their propagation in the medium is non-dispersive [LS08]. These
waveforms can be adapted to the application area of the radar system and are discussed
in Section 2.4.

In a general radar scenario as illustrated in Fig. 2.2, a number ofK targets are present
in the FoV, each described by a set of parameters� k , e.g., representing the range, velocity,
and angular position of a target. Following the antenna-centric coordinate system, the
position of each target is de�ned in terms of a positional vector

pk = [ xk ; yk ; zk ]T ; k = 1; : : : ; K; (2.4)

which can be translated into polar coordinates, given by a ranger k and azimuth and
elevation � k and � k , respectively.

To form the transmit and receive steering vectorst and r , respectively, responsible for
the phase perceived at either the target and afterwards at each receive antenna element
given a certain antenna array structure, two normalized directional vectors are introduced:

dTx ;m =
pk � pTx ;m

kpk � pTx ;m k
; (2.5)

pointing from each transmit antenna element to the targets position and

dRx;n =
pRx;n � pk

kpRx;n � pkk
; (2.6)

pointing from the target back to each receive antenna element.

Generally, the azimuth angle with regard to a boresight direction represented by the
x-axis is de�ned as the angle

� = atan2 (z2 � z1; x2 � x1) ; (2.7)

with the x and y coordinates of a boresight reference pointp1 = [x1; y1; z1]T and a point
in spacep2 = [x2; y2; z2]T and the two-argument arctangent being de�ned asatan2(x; z) =
Im (log(x + j z)) . The elevation angle is represented as the angle

� = arcsin

0

@ y2 � y1q
(x2 � x1)2 + ( y2 � y1)2 + ( z2 � z1)2

1

A (2.8)

between the same pointsp1 and p2. Here, the azimuth and elevation given the directional
vector are de�ned as

� = atan2
�
dTx =Rx ;m;z ; dTx =Rx ;m;x

�
; (2.9)

24



and
� = arcsin

�
dTx =Rx ;m;y

�
; (2.10)

respectively.

An important factor for signal processing at the receiver is given by the ToF of the signal
between transmit and receive antenna elements. This can be generally formulated for each
target k in two parts: for the ToF from the m-th transmit antenna element to the target

� m;k =
kpTx ;m � pkk

c0
; (2.11)

with velocity of propagation in a mediumc0 (usually the speed of light), and the ToF until
reception at then-th receive antenna element

� k;n =
kpk � pRx;nk

c0
: (2.12)

As a simpli�cation, a whole ToF is formulated de�ned from the center of the transmit and
receive antenna array via

� k = � m;k + � k;n : (2.13)

With the help of the ToF, the transmit steering vector is element-wise de�ned as

tm (pk) = exp ( � 2� jf c� m;k ) ; m = 1; : : : ; M; (2.14)

with the center frequency of the employed waveformf c. Likewise, the receive steering
vectors elements are de�ned as

rn (pk) = exp ( � 2� jf c� k;n ) ; n = 1; : : : ; N: (2.15)

With these steering vectors, each target's contribution to the overall received signal can
be formulated as

y k(l ) = � k vec
�
r (pk) t H (pk)

�
(diag (s(l)) 
 1M ) ; (2.16)

which is superimposed at the receiver via

y (l) =
KX

k=1

y k(l ) + n (l); (2.17)

with a total of K targets modeled andN elements in the received signal per sample. An
interference-plus-noise termn (l) is introduced to represent the channel model discussed
in the following section. The targets and their respective coe�cient� k representing the
complex amplitude of thek-th target, are also discussed there. The target coe�cient
represents the target properties besides its position, like its Doppler frequency shift.

25



2.3 Channel Model

A general channel model for the received signaly of a radar system can be formulated as

y (l) =
KX

k=1

y k(l )

| {z }
Eq. (2.16)

+ y c(l )

| {z }
Eq. (2.23)

+
JX

j =1

i j (l )

| {z }
Subsequently ignored

+ n (l)

| {z }
Eq. (2.19)

: (2.18)

It consist of four types of components:

1. Firstly, a desired signal componenty k(l), which represents the transmitted signals
re�ected from the k-th of K targets of interest in the observed region.

2. Secondly, clutter components are presenty c(l ), representing re�ections of transmitted
signals from structures, that are of no interest to the radar operation. Examples of
the origin of clutter can be ground structures or sea surfaces.

3. Next, one ofJ independently occurring interfering signalsi j (l ). These can originate
from other RF systems and can be de�ned as an arbitrary additive signal term. In
the following, interference signals are always treated as additional noise, which is
covered by the generic noise term. This part is therefore ignored in the rest of the
work.

4. Lastly, noise componentsn (l) appear in the received signals at the receive antenna
elements. This is usually represented as additive white Gaussian noise (AWGN),
which is in turn represented as circularly symmetric complex Gaussian distributed
with zero mean and variance� 2 as n (l) � CN (0; � 2). This way, both components
are independent Gaussian-distributed random variables with zero mean and variance
� 2=2 with probability density functions (PDFs) de�ned as

p(v) =
1

p
�� 2

exp

 

�
v2

� 2

!

; v = Re f n (l)g ; Im f n (l)g : (2.19)

The aforementioned equation of the radar system model(2.17) only considers desired
signal components in the form of target re�ections. These target re�ections are modeled
as a convolution of each transmit signals with either a generic point-like time-invariant
impulse response

hk(� ) := � k � 0 (� � � k) ; (2.20)

or time-varying impulse response

hk(�; l ) := � k(l )� 0 (� � � k) : (2.21)

More advanced target models, like extended targets with angle-variant impulse responses,
are discussed in Section 2.3.1.
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The convolution itself leading to each target's re�ected signal is given by

y k(l ) =

2

6
6
4

s1(l ) � hk(�; l )
...

sN (l ) � hk(�; l )

3

7
7
5 =

2

6
6
4

R1
�1 s1(l � � )hk(� ) d�

...
R1

�1 sN (l � � )hk(� ) d�

3

7
7
5 : (2.22)

Here,hk(l; � ) denotes the time-variant impulse response of thek-th target, l is the absolute
time and � is the propagation delay. The integral limits may be con�ned to0 and � max ,
where the latter represents the length of the target object impulse response.

The clutter impulse response is given byhc(�; l ). This impulse response is further
discussed in Section 2.3.2. This results in the clutter signal component de�ned in a similar
way as the desired signal component

y c(l ) =

2

6
6
4

s1(l ) � hc(�; l )
...

sN (l ) � hc(�; l )

3

7
7
5 =

2

6
6
4

R1
�1 s1(l � � )hc(� ) d�

...
R1

�1 sN (l � � )hc(� ) d�

3

7
7
5 : (2.23)

Here,hc(l; � ) denotes the time-variant clutter impulse response,l is the absolute time,�
is the propagation delay, and� max;c is the maximum delay corresponding to the temporal
extent of the clutter.

When the received signal is �ltered by means of a matched �lterg(l) (matched to the
transmitted signal), the resulting �ltered received signal is given by

~y(l) := y (l) � g(l) =
KX

k=1

~yk(l ) + ~yc(l ) + ~n(l); (2.24)

with the desired signal component~yk(l) := yk(l) � g(l), undesired clutter components
~yc(l ) := yc(l ) � g(l), and the �ltered noise component~n(l) := n(l) � g(l).

2.3.1 Target Models

So far, the signal model consists of a simpli�ed target model of a single point-like object
with non-�uctuating complex amplitude. Practical scenarios call for a more advanced
formulation of the targets in�uence on the re�ected signal, by introducing a �uctuating
target model. This way, a change in aspect angle results in a change in the target object
amplitude and phase. The complex target amplitude is de�ned as

� k := j� k j exp (j� ) ; (2.25)

where this factor is constant for non-�uctuating targets. The squared magnitude is
proportional to the target object radar cross-section (RCS)

j� k j2 / !; (2.26)
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Table 2.1: Swerling target models for describing the behaviour of the target factor
� k .

Case Name Target Type Factor Modeling

Swerling 0 Non-�uctuating target object
Swerling 1 Slowly �uctuating target object � k � CN (0; ! )
Swerling 2 Fast �uctuating target object � k � CN (0; ! )
Swerling 3 Slowly �uctuating target object � k � � 2(! )
Swerling 4 Fast �uctuating target object � k � � 2(! )

which represents the e�ective area that re�ects the radar signal back towards the receive
antenna elements.

With this formulation, di�erent target objects can be discriminated into three domains:

1. Non-�uctuating point-like target objects (as introduced in the previous sections):
j� k j2 / ! = const:

2. A target object with multiple similarly sized re�ectors where the factor is modeled as
a complex normal distribution � k � CN (0; 
) . The squared magnitude of the target
is exponentially distributed with PDF

p
�
j� k j2

�
=

1
!

exp

 

�
j� k j2

!

!

: (2.27)

3. Target object with a single dominant re�ector and smaller additional re�ectors, where
the squared magnitude of the target is chi-squared distributed� k � � 2(! ) with PDF

p
�
j� k j2

�
=

4j� k j2

! 2
exp

 

�
2j� k j2

!

!

: (2.28)

This discrimination according to the target properties results in a further di�erentiation
according to the change behavior over time. Slowly �uctuating targets in�uence the signal
over a broad range of time and not between adjacent pulses or chirps. Fast �uctuation
considers targets where the aspect angle is changing rapidly in between pulses or chirps.
This de�nition in itself has no direct consequences for the employed PDF for estimating the
complex target amplitude, but in�uences the interval in which the amplitude is updated.
This classi�cation into the Swerling models is shown in Tab. 2.1. Furthermore, the
di�erence in the described PDFs is illustrated in Fig. 2.3.

2.3.2 Clutter Models

The clutter component yc(l) in the received signal is modeled using statistical models.
Depending on the type of clutter, there are di�erent PDFs used for this: A widely accepted
model for land clutter comes in the form of a Weibull-distributed random variable. The

28



Figure 2.3: PDF for Swerling 1/2 and Swerling 3/4 target models with an average
received RCS of! = 1.

PDF of the Weibull distribution is given using a shape parameter� and scale parameter
� in

p(j~yc(l )j) =
� jyc(l )j � � 1

� �
exp

 

�
jyc(l )j �

� �

!

: (2.29)

This resembles an exponential distribution for� = � = 1 or a Rayleigh distribution for
� = 2 and � = 1.

Besides the Weibull distribution, a statistical model usually used for sea clutter involves
the log-normal distribution in the form

p(jyc(l )j) =
1

p
2�� jyc(l )j

exp

 

�
(ln ( jyc(l )j) � � )2

2� 2

!

: (2.30)

This distribution again employs the scale parameter� and a location parameter� . Some
exemplary PDFs for Weibull and log-normal distributed random variables are shown in
Fig. 2.4.

Sea and land clutter can usually be �ltered out of the received radar signal based on
external features. Doppler �ltering can be used for this purpose, for example. This
distinguishes this type of disturbance from other forms of distortion, such as noise.

2.3.3 Signal-to-Noise Ratio

The last component of the aforementioned channel model (2.18) resembles the noisen (l).
This noise occurs in nature mainly due to thermal e�ects and is de�ned by its power
density spectrum. Sources of this noise may lay in atmospheric in�uences on the antenna
elements and in the electric circuits of the analog radar frontend. As the noise can be
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Figure 2.4: Example PDFs for Weibull and log-normal distributed random variables
representing sea or land clutter components in a received radar signal.

considered frequency invariant, it is called white noise and de�ned as a relation between
the bandwidth of the receiverB and the noise powerPN

PN = kBTSB: (2.31)

Here,TS denotes the noise temperature of the system, de�ned as

TS = 290 KF (2.32)

with the system noise �gureF . This noise �gure is de�ned as the ratio between the input
and the output signal-to-noise ratio (SNR) of the receiver. The SNR at the output of the
receiver is therefore one of the most important measures for signal quality in radar signal
processing. It is de�ned as the ratio between the signal powerPRx and the noise powerPN

in
SNR =

PRx

PN
: (2.33)

The SNR is expanded to consider the whole in�uence of the system between the transmitter,
the target and the output of the receiver in a common equation. Here, all e�ects on the
signal during propagation in a medium are considered. The target range as the mean value
of the distance between the transmit antennas, thek-th target and the receive antennas is
expressed as

r k =
1

M

MX

m=1

kpTx ;m � pkk +
1
N

NX

n=1

kpRx;n � pkk : (2.34)
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(a) (b)

Figure 2.5: Radar system blocks for (a) MIMO based and (b) phased-array operation
mode. In MIMO mode M orthogonal transmit sequences are employed, whereas in
phased array mode,M steering factors allow for a coherent phase shift and direction
of the antenna arrays main lobe. Figure based on [LS08, Fig. 1.1]©2009 by John
Wiley & Sons, Inc.

Finally, the SNR equation is expanded to

SNR =
PTx GTx GRx � c

2!
(4� )3r k

4LPN
: (2.35)

Here, PTx denotes the power of the transmit signal andGTx and GRx the gain of the
transmit and receive antenna, respectively. Furthermore, general losses that occur between
the transmission and the output of the receiver are taken into account inL and the
wavelength of the employed waveform is written as� c.

2.4 Radar Waveform Design

There are two fundamentally di�erent modes to operate a radar array based on the
employed transmit waveform: In MIMO operation the transmit signals are simultaneously
transmitted using multiple antennas and assumed mutually orthogonal [LS08]. This can
be used to di�erentiate between the di�erent transmit antennas at the receiving side.
MIMO radar is considered superior in terms of fading mitigation, resolution enhancement,
interference cancellation, and jamming suppression [LS07]. This operation mode has
been comprehensively studied to extend radar system capabilities in terms of angular
resolution, higher sensitivity to slow moving targets, better parameter identi�cation and
direct applicability of adaptive techniques [LS08]. A phased-array radar system on the other
hand employs the same waveform for all antenna elements. This can be used to actively
steer the transmit energy of the radar system into a given angular direction by shifting the
phase at each antenna element such that the waveform constructively superimposes at the
steered angular direction.
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Figure 2.6: MIMO principle

Figure 2.5 illustrates the di�erences between MIMO and phased-array radar given each
two antenna arrays and two targets in terms of the signals present at the receiver. MIMO
mode exploits the orthogonality of the transmit signals at the receiver while illuminating
a broad FoV. Phased-array mode on the other hand follows the opposite concept and
performs a focusing process at the transmitter to increase the transmit power into a certain
direction.

2.4.1 Multiple-Input Multiple-Output Radar

In the illustrated case, the transmit waveform vector with mutually orthogonal waveforms
would have full rank

rank f [s(1); : : : ; s(M )]g = M: (2.36)

This enables the receiver to separate the individually transmitted waveforms in the
received signal, distinguishing between the individual contribution from each transmit
antenna. Orthogonality can be accomplished in time, frequency, and code domain. In
conventional MIMO-radar signal processing, one commonly used way of implementing
orthogonal waveforms is in the time domain by assigning each transmit antenna an
individual transmit time slot [LS08]. This mode is commonly referred to as time-division
multiplexing (TDM)-MIMO. Modern radar designs, e.g. for AD, implemented orthogonality
in the frequency domain via OFDM [SZW09]. Both methods su�er from potential
signal degradation, as the response from the target is most commonly time-varying or
frequency-selective [LS08]. Another way towards orthogonality between the transmit
signals is given by code-division multiplexing (CDM) [WSW+20]. Here, a code makes
the otherwise coherent transmit signals distinguishable at the receiver and enables a
simultaneous transmission of the signals.
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Due to the orthogonality between the transmitted signals, each of the received signals
can be clearly assigned to a transmit antenna. The known position of the transmit antenna
elements and the phase o�set between the samples of the received signal can be used to
create a virtual aperture, as shown in Fig. 2.6. With proper antenna element placement,
the virtual aperture represents an enlarged version of the physical antenna array, e�ectively
increasing the angular resolution of the antenna array, as this is directly related to the
dimensions of the antenna array. Theoretically, either the transmit or the receive antenna
elements can be placed with larger separation to form the enlarged virtual aperture. In
practice the transmit antenna elements are often placed further apart to increase isolation
between adjacent antenna elements and thus orthogonality between the signals.

Regardless of the method selected to ensure the orthogonality of the transmitted signals,
the received signal of the MIMO radar can be formulated as

y = vec

" Z 1

�1
s(t)sH(t) dt

KX

k=1

t (pk) r T (pk) � k

#

; (2.37)

which contains the cross-correlation of the transmit signals at the receiver, combined with
the target steering and scattering coe�cients. Due to the property of the full rank of the
transmit signal matrix (2.36), the equation can be simpli�ed to be independent of the
transmit signal, as the integration part results in the identity matrix. Thus, the result only
contains the positional information of the targets and is de�ned as

y = vec

" KX

k=1

t (pk) r T (pk) � k

#

: (2.38)

2.4.2 Phased-Array Radar

More traditionally, phased-arrays have become an industry standard. They are also known
under the term of scanning radar [FTDC00]. As described in [Fow98], phased arrays are
the natural successors of mechanically rotating radar antennas, which laid the foundation
for radar development and the illumination of several spatial dimensions. In this operating
mode, one coherent waveform is transmitted from all transmit antennas, that can be actively
steered in terms of beamforming (BF) into a preferred direction. The BF operation can be
accomplished in several ways, providing room for optimizing the antenna pattern. In the
simplest and most conventional term, the phased-array BF uses an analog phaseshifter at
each transmit antenna element. This introduces a phase o�set between adjacent elements
and in�uences the interference behavior of the waveform. Digital radar systems enable
other ways of BF by directly in�uencing the phase of the digital signal prior to conversion in
the digital-analog-converters (DACs). This form of digital BF can be employed to further
optimize the antenna pattern with regard to the illumination region and blind spots.

Analog BF through analog phaseshifter elements is commonly called beamsteering, as the
main lobe of the antenna array is steered in a preferred direction via a linear relationship.
Each antenna element is assigned a phase o�set into a common angular steering direction
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represented by a positional vectoru l

� m;l =
u l � pTx ;m

ku l � pTx ;m k
: (2.39)

Combined with the signal model presented in Section 2.2 for the transmit and receive
steering vectors, this results in a beamsteering vectorv l with its elements de�ned as

vm;l = exp ( � 2� jf c� m;l ) ; m = 1; : : : ; M: (2.40)

With this steering operation at the transmitter, the received signal can be de�ned as

y =

" Z 1

�1
s (t � � k) sH (t � � k) dt

KX

k=1

v l

h
t (pk) r T (pk)

i
� k

#T

; (2.41)

which, again, contains the transmit signal as convolution due to the matched �lter applied
at the receiver. As this signal is perfectly known in a monostatic setup, the received signal
simpli�es to

y =

" KX

k=1

v l

h
t (pk) r T (pk)

i
� k

#T

: (2.42)

2.5 Signal Processing

The following subsections present relevant target parameter estimation techniques in the
range, Doppler, and angular domain. Traditionally, the domain of range/Doppler processing
has been dominated by and optimized for fast Fourier transform (FFT)-based parameter
estimation. These processing steps can also be employed in the angular domain, but get
outperformed by super-resolution estimation techniques like subspace-based methods or
the relatively new concept of CS under certain conditions. Two fundamental concepts
in radar signal processing are fast-time and slow-time, which refer to distinct domains of
signal analysis. Fig. 2.7 illustrates the di�erence between both time concepts.

Fast-time analysis involves the examination of radar returns with respect to time intervals
typically on the order of microseconds to milliseconds. This domain captures the rapid
changes in signal characteristics caused by the proximity of targets and the propagation
of electromagnetic waves through the medium.

Pulse compression is a technique used to improve the range resolution of radar systems
by compressing the transmitted pulse into a shorter duration. This allows for the detection
of targets with greater precision in the time domain. Matched �ltering is another important
aspect of fast-time processing, where received signals are correlated with a template signal
to maximize the signal-to-noise ratio and enhance target detection capabilities. Coherent
processing involves maintaining phase coherence between successive radar pulses to improve
the detection of moving targets and mitigate the e�ects of Doppler frequency shifts.

Slow-time processing, on the other hand, involves analyzing radar signals over longer
time intervals to extract information about target dynamics, such as velocity, acceleration,
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Figure 2.7: Radar signal processing time domains that comprise the radar data
cube: Fast time describes the signal time on a sample basis, slow time refers to the
acquisition time of each signal at the radar, and spatial sampling describes the di�erent
antenna elements contributions.

and trajectory. Unlike fast-time processing, which focuses on resolving targets in the range
domain, slow-time processing deals with the temporal evolution of radar returns from
moving targets.

One of the key techniques used in slow-time processing is pulse-Doppler radar, which
enables the measurement of target velocities by analyzing the Doppler frequency shift of
the received signals. By examining the changes in Doppler frequency over time, radar
systems can track the movement of targets, distinguish between stationary and moving
objects, and classify targets based on their velocity pro�les.

Fast- and slow-time processing are fundamental concepts in radar signal analysis, each
serving distinct purposes in extracting valuable information from radar data. By leveraging
these techniques, radar systems can achieve high-resolution imaging, precise target tracking,
and accurate detection capabilities across various applications.

Modern radar systems perform signal processing tasks in the digital domain at the
receiver digital backend, as shown in Fig. 2.1. This type of processing makes it more
feasible for implementing advanced processing tasks based on the digital samples.

Example: FMCW Radar

To illustrate the presented techniques in the following sections, the FMCW radar is used as
an example. In FMCW radar, the transmitted signals consists of a continuous-wave signal
modulated in frequency. Usually, a linearly modulated chirp is employed. In contrast to
pulse-based radar systems with high instantaneous transmit power, FMCW radar can use
lower power levels as the targets are illuminated over the full chirp duration. This emitted
signal is also fed to the receiver, where the received signal is mixed with this original
signal from the transmitter, to form the intermediate frequency (IF) signal. Due to the
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Figure 2.8: Block diagram of a conventional FMCW radar system.

good correlation characteristics of linear chirps, the received power can be compressed
back � ideally � into a Dirac pulse at the receiver in the sense of pulse compression. This
allows the targets to be precisely assigned to a range cell. As the frequency is modulated
continuously, the mixing process between the transmit and receive signal results in a
so-called beat-frequency, which directly relates to the ToF of the delayed re�ected signal.
With multiple targets present at di�erent ranges in the FoV, the IF signal holds di�erent
beat frequencies for each target re�ecting the FMCW signal.

In Fig. 2.8, an example layout of a commercial o�-the-shelf (COTS) FMCW radar system
as used in many AD applications is shown. It consists of a signal generator, responsible
for the frequency modulation signal, which in turn tunes the frequency modulator. The
frequency-modulated signal gets divided into two paths � one for the transmit antenna
and one reference signal for the receiver. After transmission, re�ection and reception of
the echo signal through the receiving antenna, the signal gets ampli�ed by a low-noise
ampli�er, before being mixed with the reference signal. The IF signal as the result of this
mixing operation gets �ltered and further ampli�ed for the �nal stage, which converts the
analog signal into the digital domain.

The system model behind the FMCW radar is introduced in [SMHH23] and is based on
the aforementioned principle of mixing a frequency modulated reference signal with the
received echo. This leads to the formulation of the IF signal in

sIF (l ) =
KX

k=1

exp

 

� 2� j

" �

f c �
B
2

�

� k +
2B� k

Tramp
l + f D

#!

: (2.43)

Here,B denotes bandwidth of the frequency modulation andTramp denotes the duration of
each frequency modulation ramp.f D represents a Doppler frequency introduced through a
relative velocity between the antenna and the re�ecting target. Fig. 2.9 shows the frequency
pro�le of a linear modulated FMCW radar waveform with all its relevant parameters.
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Figure 2.9: Frequency pro�le of an FMCW radar system with a linear modulated
frequency chirp.

2.5.1 Range Estimation

The range of a re�ecting object is related to the propagation velocity of the radar signal in
a speci�c medium and its ToF. As the signal has to cover the distance between the radar
system and the object twice, the distance is calculated � recalling (2.13) � using

r k =
c0� k

2
: (2.44)

A radar system, transmitting a number of pulses or ramps from its transmit antenna,
receives a time-delayed version of those signals. Given the �uctuation of the illuminated
target from the discussed target models in Section 2.3.1, at least one pulse � or chirp, in
case of a continuous-wave radar system � can be used to estimate the targets range. As the
time delay can be considered time-invariant over a given time duration (depending on the
target type), an FFT determines the frequency related with a given target in each pulse.
This frequency can be related to the ToF of the signal and thus to the targets range.

Example: FMCW Radar

In FMCW radar, the IF signal after mixing the reference signal from the transmitter with
the received echo from a target, contains the so-called beat-frequency

f IF =
2B� k

Tramp
; (2.45)
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Figure 2.10: Derivation of the IF signal after mixing the received signals with the
reference signal from the transmitter to determine IF which can be related to the ToF
and thus the range of the targets.

relating the distance between the transmit and receive antenna and the targets position.
This frequency is plotted in Fig. 2.10 for a delay of� k between transmission and
reception of the linear modulated frequency chirp. Di�erent targets at di�erent ranges
correspond to di�erent IFs in the mixed spectrum. This spectrum can now be digitized
by analog-digital-converter (ADC) for further processing via FFT to retrieve the range
spectrum.

The IF presents an important advantage of FMCW radars over conventional pulse-based
radar systems, as this spectrum requires a much lower sampling rate than the transmitted
signal. In addition, the spectrum can be adjusted to the range of the radar system.

2.5.2 Doppler Estimation

The Doppler e�ect occurring from a relative motion between the antenna and the re�ecting
target is induced into the received signal via a Doppler shift to the frequency of the signal.
Due to the signal being re�ected of the target, a radar system can only determine the
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Figure 2.11: Principle of Doppler frequency estimation of a single target using an
FMCW radar. Multiple linear modulated frequency chirps are used in the slow time
to estimate the Doppler frequency of the targetf D .

radial velocity by a target with regard to the own movement of the radar. Depending on
the sign of the radial velocity
 , a positive or negative Doppler shift is de�ned as

f D =
2

c0

f c =
2

� c

: (2.46)

This e�ect can be observed over a number of pulses (or chirps), where the phase of the
IF signal changes according to the Doppler shiftf D as the re�ecting target moves during
the duration of the pulse. Thus the change in target range is assessed in slow-time to relate
it to the radial velocity of an object.

39



Figure 2.12: Principle of angle estimation using the phase di�erence of the echo of
a target received by multiple antenna elements with known relative positions under
the plane-wave assumption of a target located in the far-�eld of the antenna array.

Example: FMCW Radar

In the case of a constant radial velocity of the target, the phase di�erence between two
adjacent chirps is given by

� � =
4� � r k

� c
: (2.47)

Given the known chirp duration, the radial velocity can be formulated as


 =
� c� �

4�T ramp
: (2.48)

Fig. 2.11 illustrates the in�uence of the Doppler frequency on the IF signal.

2.5.3 Direction-of-Arrival Estimation Techniques

Besides range and Doppler information, which can be estimated in terms of single antenna,
DoA estimation is enabled by multi-antenna systems. The di�erence in relative phase
observed at each individual receive antenna element is paired with the antenna array
geometry and related to the steering vectors of the angular direction. This principle is
illustrated in Fig. 2.12. Here, a single target re�ects the transmitted signal back towards
the receive antennas. The model assumes a target in the far-�eld of the antenna array,
which can be approximated by a target range that is signi�cantly larger than the physical
expansion of the antenna array. Thus, the echo is assumed to arrive at the receiving
antennas as a plane-wave and the phase di�erence is directly related to the position of the
target. For the illustrated two dimensional (2D) case, this translates into

� R = dsin�; (2.49)

40



relating the path-length di�erence � R directly to the DoA � . This equation can be
rearranged to form the DoA estimation equation

� = arcsin

 
� c� �
2�d

!

: (2.50)

To enable an unambiguous angle estimation, the inter-element spacing of the receive
antenna elementsd must not exceed a certain value for a desired FoV. Thus, the absolute
phase di�erencej� � j cannot exceed� ,

j� � j =

�
�
�
�
�
2�d sin�

� c

�
�
�
�
�
< �; (2.51)

which can be rearranged to form the maximum unambiguous angle

j� max j = arcsin

 
� c

2d

!

: (2.52)

Following the de�nition of the transmit and receive steering vectors in(2.14) and (2.15)
the relative phase of the antenna elements for an arbitrary angular directionpk with
k 2 f 1; : : : ; K g can be calculated. This results in a steering matrixA 2 CMN � K

A =
h
a1 : : : aK

i
=

h
vec

�
r (p1)t T (p1)

�
: : : vec

�
r (pK )t T (pK )

�i
: (2.53)

With this matrix, the linear equation relating the received signal to the transmitted signal
s is de�ned as

y (l) = A (� ) (diag (s(l)) 
 1M ) + n (l); (2.54)

with an AWGN term n (l). This equation lays the basis for all DoA estimation algorithms
discussed in the following.

Adaptive signal processing relies on properties of the signals that are received by the
antenna array. To attain the spatial signal parameters of the received signals(2.38)
and (2.42), the cross-covariance information needs to be extracted via the spatial covariance
matrix [KV96]

R yy = E
n
y (l)y H(l )

o
= A E

n
s(l)sH(l )

o
A H + E

n
n (l)n H(l )

o
: (2.55)

Therein, E
n
s(l)sH(l )

o
= P denotes the source covariance matrix and the expression

E
n
n (l)n H(l )

o
= � 2I the noise covariance matrix. The noise is assumed to be uncorrelated

among all sensors, while having a common variance of� 2.
Commonly, the spatial covariance matrix is approximated by the sample covariance

matrix, which can be expressed as [KV96]

R̂ yy =
1
L

LX

l=1

y (l)y T (l ); (2.56)
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as in�nite observation time cannot be employed in a practical setting.

Beamforming Techniques

A simple approach of determining the direction of a received signal can be found in steering
the antenna array into di�erent angular directions while measuring the correlation with
the received signal. This technique is applied in [KV96]

P(� ) = aH(� )R̂ yy a(� ): (2.57)

More advanced techniques can be found in the delay-and-sum or Bartlett beamformer,
which is formulated as [KV96]

PBF (� ) =
aH(� )R̂ yy a(� )

aH(� )a(� )
: (2.58)

Here, the received signals by the di�erent receive antenna elements are equalized and
maximally combined into the spatial spectrum.

Subspace-Based Techniques

To apply a subspace-based technique like multiple signal classi�cation (MUSIC) to a
received signal, the sample covariance matrix is separated into the signal and noise
eigenvectors via [KV96]

R̂ yy = Û �̂ Û H = Ûs�̂ sÛ H
s + Ûn �̂ nÛ H

n ; (2.59)

where �̂ s represents a matrix containing the signal eigenvectors and̂� n the noise
eigenvectors. The signal and noise subspaces are divided based on the knowledge of the
number of signals present in the received signal, corresponding to the number of re�ecting
targets in the FoV. Based on that, the projection operator

�̂ ? = ÛnÛ H
n (2.60)

is de�ned, which ultimately enables the derivation of the MUSIC spatial spectrum in

PMUSIC (� ) =
aH(� )a(� )

aH(� )�̂ ? a(� )
: (2.61)

2.5.4 Compressive Sensing Techniques

CS describes a mathematical paradigm for estimating the solution of an underdetermined
linear system of equations. This can be used in radar signal processing to assess the angular
position of a target based on an angular grid. Therefore, the linear system of equations
has to be formulated to �t the CS notation. The received signal, e.g.(2.38), y 2 CMN is
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the result of a positioning vectorx 2 CP Q and an angular sensing matrix	 2 CMN � P Q

y = 	 x + n : (2.62)

An additive noise term accounts for AWGN at the receiver. As the number of received
values depends on the number of antenna elements in the (virtual) apertureMN and the
number of possible angular grid positionsPQ usually exceeds this number, the system
is assumed to be underdetermined. This would result in theoretically in�nitely many
solutions. CS theory can solve this dilemma by supposing a sparse scenario, which results
in a small number of non-zero entries in the positioning vectorx using the pseudò 0-norm

kx k0 � PQ: (2.63)

This is the only necessary condition to utilize CS mechanisms to estimate a solutionx̂ to
the linear system of equations.

In this work, the CS algorithms orthogonal matching pursuit (OMP) [CW11] and iterative
hard thresholding (IHT) [BD08] are applied. These o�er the advantage of straightforward
implementation and low computational requirements. This makes them a good basis for
estimating the usability of CS in COTS systems. The algorithms themselves are described
in detail in Appendix B.

Mutual Coherence

The mutual coherence (MC) of a matrixA is de�ned as the maximum absolute value of
the correlation of the columns ofA [Tro06; DET06]

� = max
1� i 6= j � m

�
�
�aH

i aj

�
�
� : (2.64)

This value is used to determine the quality of a sensing matrix in CS estimation. The
lower the MC of a sensing matrix, the better a CS algorithm can identify the sparse atoms
of the linear system of equations.

2.6 Antenna Array Design

The previous section has shown the derivation of MIMO and phased-array radar systems.
Designing orthogonal sequences to extend the MIMO capability is an ongoing task in
the radar research community. Originally, single-input single-output (SISO) antenna
systems where used to measure the time delay between transmission and reception of
a signal re�ected from a target � representing the distance between the radar and the
illuminated target � often given by a short pulse. Changing the pulse characteristics
towards a suitable waveform, velocity information can be estimated based on the Doppler
shift of the re�ected waveform. Gathering angular information became possible by using
multiple antennas either on transmit through multiple-input single-output (MISO) or on
receive via single-input multiple-output (SIMO) and leveraging the phase di�erence between
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Figure 2.13: Single cosine antenna element response in azimuth or elevation.

the received signals. Its extension towards MIMO to further extend the capabilities or
reduce the number of required antenna elements has also been introduced in the previous
section.

This section focuses on the introduction of di�erent antenna array design philosophies
used in di�erent applications beginning with conventional linear arrays towards more
complex designs. Each array design is accompanied by numerical or experimental studies
to highlight the capabilities of the respective design decisions. A measure to illustrate the
di�erence between di�erent antenna designs further, the array factor, is �rstly introduced
in Section 2.6.1.

2.6.1 Array Factor

The array factor represents a measure for the e�ect of the grouping of multiple antenna
elements in an array. Unless otherwise stated, this work assumes a conventional cosine
antenna element as the basis for all antenna array constructions. The antenna elements
response in both angular dimensions, azimuth and elevation, follows a cosine shape as
illustrated in Fig. 2.13.

To quantify the capabilities of an antenna array, the array factor is widely accepted as
a tool [Bal16]. It approximates the response of a given antenna array to a target in the
far-�eld of the array. For electrically large apertures the far-�eld is de�ned as the region
beyond the near-�eld and the Fraunhofer distance. The near-�eld is de�ned as the region
up to the Fraunhofer distance

f F =
2D 2

� c
; (2.65)

from where the �eld radiated from an antenna element with physical extensionD has
equalized into a �eld with electric dipole characteristics.
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To quantify the e�ectively radiated and received �eld of a MIMO array, the transmit
and receive steering vectors are combined. This quanti�es the radiated power in a spatial
direction speci�ed by p

AFMIMO (p) =
�
�
�r T (p) t (p)

�
�
�
2

: (2.66)

If the output is calculated for all relevant spatial directions, the array factor can be visualized
in order to gain an impression of the illumination capability of an array layout. In case of a
phased-array, the steering vector focusing the main beam of the array towards an angular
direction given by a positional vectorv l that has to be incorporated into the array factor
equation.

AFSteer(p) =
�
�
�r T (p) (v l t (p))

�
�
�
2

: (2.67)

2.6.2 Uniform Linear Arrays

Uniform linear arrays (ULAs) represent the simple extension of single-antenna systems
towards multi-antenna arrays in a single dimension. The elements of such antenna arrays
are arranged along a straight line and have a uniform spacing between adjacent antenna
elements. The spacing is chosen according to a design criterion, e.g., the grating lobe
distance or expected coupling behavior between neighboring antenna elements. Fig. 2.14
compares the antenna patterns of di�erent ULA con�gurations with varying inter-element
spacing.

Given the system model from Section 2.2, the positional vectorpTx of an M element
ULA aligned with the y-axis of the radar-centric coordinate system is de�ned as

pTx ;m =
h
0 ym 0

i T
: (2.68)

The spacing between adjacent elements is de�ned as

dTx = kpTx ;m � pTx ;m+1 k = kym � ym+1 k ; m 2 f 1; : : : ; M � 1g (2.69)

which results in the uniformity giving the ULA its name.
ULAs pose the basis for most antenna array designs and is studied in Sections 3.1.1, 3.1.2,

and 3.2.1. Furthermore, the investigations into JCAS in Chapter 5 is based on ULA
architectures.

2.6.3 Uniform Rectangular Arrays

Uniform rectangular arrays (URAs) as the extension to ULAs is further analyzed in
Sections 3.1.2 and 3.1.3. The combination of multiple spatial dimensions in each
propagation direction (transmit and receive) allows the propagation behavior of the array
to be adapted in these same dimensions. This enables a URA to shape the antenna pattern
in a targeted manner and adapt it to the needs of the respective application.

Given the system model from Section 2.2, the positional vectorpTx of an M y � M z
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Figure 2.14: Comparison of di�erent ULA antenna element numbersN and
inter-element spacingd. The top row illustrates the di�erence in main lobe width
given an element count of (a)N = 4 and (b) N = 16 with d = 0:5� inter-element
spacing. In the bottom row, the same antennas are further spread-out to (c)N = 4
and d = 1� , (d) N = 16 and d = 2� . Here, the grating lobes arising from the larger
inter-element spacing are visible that will result in angular ambiguities. Figure based
on [SOMH24]©2024 IEEE.
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element URA is given by

pTx ;m y ;m z =
h
0 ymy ;m z zmy ;m z

i T
: (2.70)

2.6.4 Uniform Circular Arrays

Uniform circular arrays (UCAs) are built symmetrically with uniform antenna element
spacing. Similar to ULA the antenna elements are placed in a common reference plane
and arranged symmetrically along a circle. UCAs and another form of circular array to
reduce sidelobes are further studied in Section 3.2.1.

2.6.5 Distributed Antenna Arrays

When antenna element separation increases beyond multiple wavelengths, an array is
called a bi-static or distributed antenna array. Such designs � as already introduces in
Sec. 2.1 � provide bene�ts for detecting angular diverse and �uctuating targets. In turn, the
inter-element spacing between the antenna elements of an antenna array mainly in�uence
the grating lobe behavior, as shown in Fig. 2.14. When grating lobes appear close to the
main lobe of the antenna array, ambiguities may occur, which results in a deterioration of
radar performance.

The more in-depth analysis of distributed array con�gurations is presented in
Section 3.2.2.

2.6.6 Pseudo-Random Arrays

The concept of randomness in antenna array design prompted an investigation into the
performance of the relatively novel concept of CS in radar signal processing, with a
particular focus on the angular domain and the estimation of DoA [HMHM21]. The
randomness inherent in the placement of antenna elements within an antenna array can
potentially increase its performance, as the MC of the sensing matrix is predominantly
in�uenced by the position of the corresponding antenna elements.

This thesis is less motivated by pseudo-random antenna concepts. Nevertheless,
the �ndings from [HMHM21] motivated further analysis of CS-based DoA estimation.
Furthermore, the antennas analyzed in Section 3.2.1 may also be described as
pseudo-randomly placed antenna arrays.

2.7 Chapter Summary

In this chapter, the generic radar system and signal models that are employed in the
subsequent chapters were derived. Furthermore, all aspects of radar signal processing and
target parameter estimation were discussed. A special focus was layed on the comparison
between MIMO signal processing and phased-array signal processing. This is especially
helpful for target parameter estimation, as shown in the exemplary studies on di�erent
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antenna array design concepts in the following Chapter 3. These are discussed theoretically
and based on measurement data from di�erent measurement campaigns conducted �
mainly with a focus on the comparison of conventional MIMO radar signal processing
and phased-array signal processing. Novel signal processing concepts for DoA estimation
in the form of CS will be the second pillar of the following Chapter 3.

The theoretical foundation introduced in this chapter will also be used again in the
derivation of JCAS concepts in Chapter 5 and 6.
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3
Radar Direction-of-Arrival Optimization

The subsequent chapter will focus on the contributions to radar signal processing and
the optimization of the DoA estimation of impinging signals. Furthermore, the chapter
will address various antenna array designs, which possess distinct properties that can be
leveraged for target parameter estimation within the �eld of view (FoV). The primary
function of a radar system is to estimate the parameters of targets within its FoV. These
parameters include the range, the radial speed, and the direction of a target relative
to the system's location. The range can be estimated with a high degree of precision
using the round-trip time of the incoming signals, a method that is already implemented
with great e�ciency using the fast Fourier transform (FFT) in radar signal processors.
Furthermore, the implementation of Doppler processing for velocity estimation, utilizing
the fast-time domain of radar chirps, is carried out with comparable e�ciency through the
use of FFT. However, the direction estimation of individual targets presents a potential
area for optimization. It is acknowledged that augmenting the antenna aperture can
enhance angular resolution; nevertheless, this also results in an escalation in the cost
of the radar system, necessitating the incorporation of supplementary antenna elements
or more advanced hardware. The subsequent chapter will address the enhancement of
direction-of-arrival (DoA) estimation through signal processing measures and a joint
design of the antenna aperture and signal processing. The signal processing involves
a distinction between conventional beamforming (BF) techniques (Section 2.5.3), which
estimate the DoA using the least-squares method, and compressive sensing (CS) techniques
(Section 2.5.4), which leverage the sparsity in the received signals. The latter can be further
enhanced by employing more random antenna array con�gurations as discussed later.

In a preliminary step, the chapter places emphasis on the utilization of phased-array
radar systems for DoA estimation. These systems can be further enhanced through the
employment of electronic beamsteering directions that are meticulously selected for the
speci�c antenna array con�guration. The ensuing contributions are expounded upon in
Section 3.1. A comparative analysis is conducted between the results obtained from
these phased-array radar systems and those derived from conventional multiple-input
multiple-output (MIMO) signal processing methodologies. In addition to simulation studies,
the results of a measurement campaign with an frequency-modulated continuous-wave
(FMCW)-based radar system are presented herein. Section 3.1.1 initially considers simple
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uniform linear array (ULA) antenna arrays, and the measurement results, which are also
based on a ULA architecture, are presented in Section 3.1.2. The considerations for
a uniform rectangular array (URA) architecture are presented in Section 3.1.3. This
demonstrates the application of electronic beamsteering to optimize DoA estimation at
di�erent levels of complexity. The �nal step in this process is the presentation of derived
design guidelines for the optimization, which are derived using the Grammian matrix of the
DoA sensing matrix. The subsequent section, Section 3.2, delves into more sophisticated
radar array designs, encompassing pseudo-random antenna array topologies and a nuanced
examination of widely-separated antenna arrays. The ensuing discussion will once again
present measurement results, here for random antenna arrays, with the primary focus of
this analysis being the applicability of CS algorithms for such measurement forms and
the superiority of these algorithms in DoA estimation when compared to other antenna
arrangements.

3.1 Electronic Beamsteering to Improve
Direction-of-Arrival Estimation

Radar systems have been an integral part of surveillance and monitoring for over a century,
beginning with the �rst use to detect ships in poor visibility and for early-warning and
�re-control tasks in World War II. Today, the use of electromagnetic waves to detect
the presence, position, and velocity of objects is used extensively for searching, tracking,
and imaging purposes [RSH10]. With a general trend in aviation towards urban air
mobility (UAM) with small and more �exible air vehicles that are capable of automatic-
and vertical takeo� and landing (ATOL / VTOL), reliable and compact automatic sensing
systems are required for safe operation [BR21]. At the same time, unmanned aerial vehicle
(UAV), autonomous aerial vehicle (AAV), or remotely-piloted aircraft system (RPAS)
platforms o�er only limited installation space, calling for small-size, low-weight, and also
energy-e�cient sensor solutions. Radar sensors are attractive, due to their all-weather and
day-and-night capability.

With multi-antenna systems, the design of such antenna arrays can be exploited to enable
further features and improve on the tradeo� between precision and cost [JAH22]. MIMO
radar systems have attracted a lot of attention over recent years [FHB+04]. Antenna
apertures can be virtually increased by utilizing orthogonal signals at the transmitter
side [LS07]. This results in higher resolution and better accuracy in the angular domain
while allowing for a compact installation size [MMG+18]. Separating antennas in the
spatial domain also increases the resolution of estimated target parameters like range,
angle, and velocity [HBC08].

Conventional phased array radars use coherent radio frequency (RF) phase shifters
at each antenna element to steer the array's main lobe in a preferred direction using
BF techniques [Nic06]. This enables the use of beamformed energy as opposed to a
(mostly uniform) energy distribution achieved by single antenna elements and their angular
characteristics. Using this coherent feeding technique, the array gain pattern can be shaped
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Figure 3.1: Highly dynamic UAM example scenario with three UAVs in an urban
environment. The FoV of the radar arrays of the hovering UAV is illustrated by the
blue cones. Figure based on [SMH24].

to suppress sidelobes or optimize energy into a preferred direction [Mai18]. Array pattern
shaping has been applied to radar sensor arrays to optimize the DoA estimation results,
e.g., in [SF05; HSL11; DCL14; MV15; SMH22; SDDW22]. Contrary to phased arrays,
studies using subarray partitioning and combining such techniques with MIMO arrays
have shown that the angular resolution can be improved signi�cantly [FA08; HV10; LH10;
HV11; HMK+13].

Radar signal processing employs appropriate algorithms to estimate a target's range,
velocity, and position [Tre02; LS08]. Estimating the DoA of a re�ected signal at the
receiving sensor array can be a challenging task. This is especially true when simultaneously
determining the velocity and range of the target. Nonetheless, it holds signi�cant
importance in dynamic scenarios. An exemplary UAM scenario is illustrated in Fig. 3.1.
Each AAV, UAV, or RPAS has to sense and predict the movement of surrounding
platforms and obstacles in a detect and avoid (DAA) fashion. Conventional spectral-based
beamforming methods or subspace-based methods such as multiple signal classi�cation
(MUSIC) [Sch86] or estimation of signal parameters via rotational invariant techniques
(ESPRIT) [RK89] rely on the statistical information of the received signal and therefore
require a certain amount of received data to form a statistically signi�cant spatial covariance
matrix [KV96]. The energy in the covariance matrix can be searched for targets in the
angular domain to obtain an arbitrarily accurate DoA estimation. The resolution can in
theory be improved by increasing the number of received samples, i.e., the integration time,
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to form a more signi�cant covariance matrix.
Considering highly dynamic scenarios in UAM with multiple UAVs in close proximity,

the primary goal is to increase the update interval. This could ultimately be achieved
by reducing the number of samples required for DoA estimation. A promising way to
use fewer samples while achieving high accuracy is provided by the concept of CS, which
is a class of techniques able to solve underdetermined systems of linear equations with
sparse inputs [CT06; CRT06; YPP09]. CS has been applied to many di�erent domains in
radar signal processing [ASJA15], e.g., to reconstruct sparse signals with sampling rates far
below the Nyquist-rate [AHM15; SMKF16], for DoA estimation [RHE14; SMM+23], array
design [HMHM21], and extended target detection [RP20]. In terms of hardware design, it
has been shown that CS performs well with pseudo-random array topologies [HMHM21;
SMHH23] and also with widely separated antenna arrays with inter-element spacingd >
� [CZW17; SOMH22]. The most important requirement to apply CS to a scenario is
sparsity of the latter in relation to the systems basis. Most UAM scenarios can be assumed
sparse when discriminating the present targets in the range and velocity domain (prior
to DoA estimation). This means that only very few targets are simultaneously present in
the same range-Doppler cell. In such cases, an exhaustive search over the entire FoV, e.g.,
based on conventional digital beamforming (DBF) on receive combined with an appropriate
energy detection algorithm, like constant false alarm rate (CFAR), would be ine�cient.
Instead of this, CS can output binary results representing the position of a target in azimuth
and elevation.

Additionally, in many aviation scenarios, one angular dimension is of more interest than
the other and requires a higher resolution. This might happen in �ight route planning when
relying on horizontal �ight maneuvers only. In this case the azimuth position of a target is
much more important than its elevation, which can be estimated rather coarsely. In typical
UAM scenarios, however, depending on prevailing �ight trajectories, three dimensional (3D)
situational awareness (in range, azimuth, and elevation) is required. An implementation
with separate processing of the two angular domains in azimuth and elevation o�ers the
possibility to perform faster calculations and generate di�erent angular accuracies � adapted
to the respective requirements of the �ight maneuvers [SMH22]. The additional possibility
of reducing the physical size and thus the weight of the antenna arrays by means of a MIMO
radar approach represents one of the most important requirements for use in aviation.

This section is based mainly on the �ndings in [SMH22; SMH24] and investigates the
use of electronic beamsteering on the transmitter side of MIMO radars with one- and
two-dimensional arrays to steer the main lobe of the array. It is combined with CS
algorithms on the receiver side to estimate the DoA in sparse target scenarios. This
simple codebook-based electronic beamsteering approach via analog or digital phase shifters
is compared to conventional MIMO signal processing employing a wide illumination
to establish the virtual antenna array. Related papers in the area of applying CS to
DoA estimation with MIMO antenna arrays utilize a-priori DoA information to optimize
digital beamforming at the receiver [GZG17]. They address optimization of receiver side
combining and degrees of freedom for sparse antenna arrays [GZC18], and improve on
compressive sampling to reduce the number of RF-chains at the receiver [WGGS23]. A
comparison between conventional MIMO signal processing and electronic beamsteering in
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a phased-array mode is presented. Two types of transmit signals are considered:

1. Time-domain orthogonal waveforms for all transmit antennas for conventional
MIMO-time-division multiplexing (TDM) signal processing, and

2. Electronic beamsteering with TDM processing of di�erent beamsteering directions.

Orthogonal signals provide the advantage that all transmit signals can be distinguished
on the receiver side, to e�ectively increase the array aperture fromM + N to optimally
MN virtual elements. In electronic beamsteering, on the other hand, all transmit elements
are active at all times sending a coherent signal, and the transmit power can be maximized
in selected directions, while still providing degrees of freedom (DoF) via the number of
steering directions and the steering directions themselves.

As already discussed in Section 2.5.3, the number of possible angular locations of targets
in the FoV grows quadratically with the number of grid points in the two angular dimensions,
azimuth (P) and elevation (Q). To lower the overall complexity of the system of linear
equations necessary to solve the DoA estimation problem, the processing of both angular
dimensions can be separated. This way, the DoA estimation algorithm has to be calculated
two times, while keeping the complexity atP + Q, rather than PQ. This method can
signi�cantly reduce the required computing power and thus enable use of commercial
o�-the-shelf (COTS) hardware operating at a relatively high resolution in azimuth and
elevation.

To perform a fair comparison between both processing schemes, a signal-to-noise ratio
(SNR) penalty has to be added to one of the signals. This penalty is is necessary because
it is assumed that the two modes function with equivalent transmission power and utilize
identically timed slots for their operations. Nevertheless, the utilization of di�erent numbers
of time slots in the two modes results in an integration gain for the mode that integrates
over a longer period of time. As de�ned in [SMH24], the penalty for the beamsteering
mode is calculated as the ratio between the number of beamsteering directions,L, and the
number of transmit antenna elements,M , via

Ppenalty = 10 log10

� L
M

�

: (3.1)

With this penalty 1 the SNR in dB for the beamsteering mode is de�ned as

SNR = 10 log10

� Ps

Pn

�

+ Ppenalty : (3.2)

Here, Ps represents the desired signal power at the receiver (including beamforming gains
in the case of electronic beamsteering) andPn = N0 � B , with noise spectral density and
channel bandwidthN0 and B, respectively. With this fair comparison scheme established,
a common SNR can be used to assess the impact of di�erent beamsteering sets on the DoA
estimation performance.

1Note that the SNR penalty for the beamsteering mode is actually a gain, if the number of beamsteering
directions is less than the number of transmit elements,L < M .
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Figure 3.2: Two ULAs in an orthogonal orientation (left) to form the virtual aperture
with MIMO signal processing (right).

As a measure of accuracy, the root mean square error (RMSE) of the angular estimation
given by the coordinates(�̂; �̂ ) and the ground truth position (�; � ) is calculated via

RMSE =

s

E
� �

�̂ � �
� 2

+
�
�̂ � �

� 2
�

: (3.3)

The following sections present the results of the optimization of the DoA estimation.
Section 3.1.1 presents the simulation results comparing the processing between electronic
beamsteering and conventional MIMO using a ULA antenna architecture. This is followed
by a presentation of the evaluation of measurement results in Section 3.1.2, which are also
based on an ULA architecture. In this section, MIMO signal processing and CS techniques
were applied for DoA estimation. Finally, the �ndings from the sections are summarized
in Section 3.1.3 based on a more complex URA antenna architecture, and information is
provided for the design of beamsteering directions.

3.1.1 Uniform Linear Antenna Arrays

In [SMH22] ULAs are employed for DoA estimation. Here, a comparison between
MIMO-TDM and electronic beamsteering mode as means for signal processing is presented
based on the same antenna array architecture. These arrays are aligned orthogonal to
each other with a four element transmit ULA and an eight element receive ULA, to
form an enlarged virtual aperture as illustrated in Fig. 3.2. In MIMO-TDM mode, the
virtual aperture of the antenna array is exploited to improve the angular resolution of
the array. Electronic beamsteering on the other hand is performed in the azimuth plane
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Figure 3.3: Beamsteering pattern given eight uniformly distributed steering directions
between� 45� in azimuth from a four element ULA as illustrated in Fig. 3.2 with�= 2
antenna element spacing. The electronic beamsteering assumes unlimited resolution
phase shifting elements at each transmit antenna element. With a �nite phase shifting
element resolution, the beam pattern would be more distorted with regards to the
sidelobes heights and the main lobes positions. The beamsteering pattern of the two
beamsteering directions� 6:43� are drawn as solid lines as examples.

of the antenna array, by actively shifting the relative phase between adjacent transmit
antenna elements. In this particular case, the transmit array is electronically steered in
eight steering directions in azimuth direction. The main lobe thus covers eight distinct
steering directions in the interval[� 45� ; : : : ; 45� ]. This is illustrated in the normalized
array factor of the beamsteered array in Fig. 3.3. The underlying antenna elements are
assumed to provide a cosine-shaped element response.

The simulative study investigated the in�uence of the target positions on the DoA
estimation accuracy for both signal processing modes. Therefore, a Monte Carlo simulation
with 10 000targets randomly placed within the FoV of the radar system was conducted
for each SNR level in the range between� 30dB and 50dB. The non-�uctuating targets
(Swerling 0 type) were simulated in separate range-Doppler cells to allow for the scenario
to be assumed sparse. This way, the DoA estimation could be performed using the CS
algorithm of iterative hard thresholding (IHT), which is a computationally inexpensive
algorithm that could be implemented on COTS hardware. The DoA estimation is separated
into the azimuth and the elevation component with both 91 grid points in the FoV between
� 45� and 45� , supporting an angular resolution of1� . This results in a lower computational
complexity as with a two dimensional (2D) DoA estimation, where both angular components
are estimated at the same time. Compared with simultaneous processing of both angular
directions (linear system of equations with912 variables) this method only requires the
processing of2 � 91 variables.
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Figure 3.4: Comparison of the RMSE for a separated DoA estimation in azimuth and
elevation between TDM-MIMO for receiver input SNR values between� 30dB and
50dB. The TDM-MIMO curves include an SNR penalty of3dB for a fair comparison
as illustrated in (3.1). The advantage of signal processing for an electronically steered
antenna array over TDM-MIMO can be identi�ed in the improvement illustrated in � 1.
The advantage of the separated signal processing over conventional 2D DoA estimation
is given by the improvement� 2. Figure based on [SMH22]©2022 EuMA European
Microwave Association.

56



(a) (b)

Figure 3.5: Comparison between the DoA estimation results at an SNR of (a)23dB
for TDM-MIMO processing an (b) 20dB with electronic beamsteering. The targets
ground truth positions are marked as red crosses. The dimensions of the target clouds
serve to indicate the degree of accuracy associated with the DoA estimate. The black
outline indicates the FoV of the sensing matrix used to estimate the targets angular
positions. Figure based on [SMH22]©2022 EuMA European Microwave Association.

Firstly, the di�erence in estimation accuracy due to the antenna array geometry can be
observed for both processing modes, as shown by� 1 in Fig. 3.4. For both processing modes,
the elevation direction can handle lower SNR regimes due to the higher antenna element
count on the receiving side oriented along thez-axis, which corresponds to the elevation
angle. Secondly, the beamsteering mode can be used to further improve the elevation
direction estimation, as illustrated by� 2. This e�ect is due to the higher number of DoF
in the linear system of equations used to estimate the angular position. Furthermore, the
improvement results from the focusing of the transmit energy in the electronic beamsteering.
The main lobe from the transmit ULA is focused in the azimuth plane but receives a
widening e�ect in the elevation direction due to the lack of transmit antenna elements in
the z-axis. This way, all targets in the FoV aligned with the azimuth direction of the main
lobe receive a higher energy when compared to MIMO processing and thus their DoA can
be better detected.

Fig. 3.5 illustrates the di�erence in estimation accuracy for (a) TDM-MIMO processing
and (b) electronic beamsteering. To account for a fair comparison, (a) is a plot at an
SNR of 23dB and (b) showcases an SNR of20dB2. The �gure shows the ground-truth
positions of nine targets in the FoV of the radar system as a red crosses, each target
located in a separate range-Doppler cell, so a sparse scenario can be assumed. Surrounding
the crosses are all the position estimates for a particular target from the DoA estimation

2This accounts for the SNR penalty from (3.1) given byPpenalty = 10 log10(8=4) � 3 dB.

57



Table 3.1: Parameters of the experimental radar system design in the context of the
Master-360 project.

Parameter Value
ATOL mode Cruise mode

Transmit Power 20 dBm
Center Frequency 13:325 GHz

Bandwidth 150 MHz 37:5 MHz
Transmit Array 8 � 1 4� 2
Receive Array 1 � 8

Number of Chirps per Frame 8 � 128 4� 128

algorithm as clouds. These clouds illustrate the spreading width in position estimation
and thus the accuracy of the algorithm based on the applied radar signal scheme. The
azimuth estimation of all targets behaves independently of the signal scheme used. This
fact becomes clear when comparing the�� values. The positions of the targets in azimuth
and elevation in an inner area of the FoV< � 20� are also estimated equally reliably with
both methods (this is evident in the comparison of�� 2 and �� 2). The decisive di�erence
in position estimation is shown in the accuracy of the elevation angle of the outer targets.
This accuracy is illustrated using�� 1 as an example. Here, the spread of the estimated
angular position is signi�cantly better in the case of electronic beamsteering than in the
case of the TDM-MIMO signal.

3.1.2 Direction-of-Arrival Estimation Processing of Measurement
Data

In the context of the Master-3603 project a radar system was developed to support UAM
systems for situational awareness. The radar system was designed to provide a full360�

coverage of the surrounding airspace of the aircraft. Therefore, a setup of up to eight
individual antenna arrays is envisioned around the fuselage of the aircraft, with each
array illuminating a separate region of the airspace. Measurement data from one of such
arrays for automatic takeo� and landing (ATOL) were acquired during testing to compare
the processing capabilities of CS with conventional BF-based processing4. The ensuing
measurement data have not been previously published and thus o�er novel insights into
the implementation of CS-based DoA estimation for MIMO radar systems. The hardware
parameters of the experimental radar system are presented in Tab. 3.1.

The system concept distinguishes between theATOL antenna array, delivering the
measurement data, which is aligned in a virtual8 � 8 ULA con�guration for increased
angular resolution during ATOL movements of the platform. Furthermore, aCruise

3Multisensor System for Helicopter Automation and Safe Integration of UAVs into Air Tra�c with 360 �

Coverage
4The measurement campaign was carried out with the prototype radar system in July 2023.

58



(a) ATOL array.

(b) Cruise array with transmit beamsteering for increased
range.

Figure 3.6: Antenna arrays from theMaster-360 project. Transmit ( ) and receive
( ) antenna elements are illustrated by their respective colors.
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antenna array with a 4� 2 URA as a transmit array with employed transmit beamsteering
and the same1 � 8 receive antenna ULA is used in cruise mode. Here, the employed
beamsteering on transmit increases the range of the radar system to ensure a safe �ight
operation in commercial airspaces with high relative velocities. Both arrays employ FMCW
waveforms as transmit signals. A TDM orthogonality scheme is used to enable MIMO
functionality as described previously. TheATOL and the Cruise arrays are illustrated in
Fig. 3.6.

As introduced in Section 2.5, the signal processing follows the described approach by �rst
processing the range- and Doppler-domains with FFTs. Afterwards, targets are detected
in the Doppler range spectrum using a 2D CFAR algorithm, before estimating the angular
positions of each target. This signal processing chain provides the perfect basis for testing
innovative DoA estimation algorithms, such as CS-based DoA estimation.

During the measurement campaign, an ultra-light aircraft �ew over the radar system at
an altitude of approximately 250 mwith a relatively high velocity, resulting in a Swerling
2 target to be assumed in the data. This scenario is highly dynamic and is assumed
to represent a typical case in a modern UAM5. The radar array was pointed vertically
upwards and the ultralight aircraft was �own over this array in both azimuth and elevation
directions at a constant height. The aim of these measurements was to ensure that the
radar array could provide su�cient angular resolution for fast-moving, mobile targets.
Each second, a full FMCW frame was captured, which consists of 128 chirps for each of
the 8 transmit antennas. The provided binary data was pre-processed by means of FFT
range-Doppler processing, to allow for a target detection via CFAR algorithm, before the
CS algorithm orthogonal matching pursuit (OMP) [CW11] was employed to estimate the
aircraft's angular position. The sensing matrix is parameterized with a FoV between� 75�

and 75� with a resolution of �� = �� = 1 � , which results in an e�ective FoV of150� . In
each of the frames, the OMP is set to estimate the DoA of a single target. Combined with
the range from the �rst processing step, the position of the aircraft can be drawn in 3D
space to illustrate the �ight trajectory. To compare the CS results, an ML detector was
used to provide a baseline result of the targets angular position.

Fig. 3.7 shows the result of the DoA estimation processing for the �ight in azimuth
direction across the ATOL array. The trajectory of the ultralight aircraft can be observed
as a line drawn between the coordinates[x1; y1] = [� 240; 125] and [x2; y2] = [285; � 110].
It is evident that the CS algorithm is capable of providing adequate DoA estimation
results (blue circles) when compared with the ML detector results (green circles). With
the exception of a few outliers, the complete �ight trajectory can be su�ciently recreated
based on the angle estimations. These outliers can be attributed, on the one hand, to the
relatively high target velocity observed during the measurement campaign. Furthermore,
this illustrates one of the limitations of the CS algorithm, as it is designed to detect a �xed

5In addition to the range requirements of the systems utilized in �ight operations, the high relative
velocity of the �ight platforms represents a further challenge. In this regard, modern systems must
be capable of providing reliable estimates of the positions and velocity of other airspace participants,
despite the constraints of short integration times and the limitations of small radar cross-sections
(RCSs). Accordingly, the ultra-light aircraft was selected for this scenario to enable an evaluation of
the radar system's performance in terms of the precision of the estimation.
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Figure 3.7: DoA estimation result for 12 frames based on CS and maximum likelihood
(ML) estimation algorithms. The ultra-light aircraft passed the radar system at a height
of approx. 250 m in azimuth direction which corresponds to the axis of the receive
antenna elements of the antenna array. The position estimates of the target can be
observed in the top-down view in (a) and a 3D view in (b).
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Figure 3.8: DoA estimation results for 8 frames based on CS and ML estimation
algorithms. The ultra-light aircraft passed the radar system at a height of approx.
250 m in elevation direction which corresponds to the axis of the transmit antenna
elements of the antenna array. The position estimates of the target can be observed
in the top-down view in (a) and a 3D view in (b).
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number of targets. In the measurement campaign, during which the ultralight aircraft
was observable within the radar's �eld of view for a limited duration, the algorithm also
estimated target positions in frames in which no target was re�ecting the transmitted
signals. This phenomenon can be mitigated by leveraging the magnitude of the estimation
vector in the CS algorithm, which serves as a reliability metric for the DoA estimation.
When comparing the DoA estimates in frames where a target is present in the FoV to
those in which no target is present, the outliers exhibit a markedly lower magnitude.
However, this comparison is only valid when the magnitude of the estimation vector is
taken into account. Therefore, this measure is only reliable when prior knowledge about
the magnitude of the estimation vector is available.

In Fig. 3.8, the result from the test �ight in elevation direction is shown. This enables a
comparison between both dimensions regarding the reliability of angular estimates. Again,
the �ight trajectory is observable as a line between coordinates[x1; y1] = [� 290; 100]and
[x2; y2] = [270; 10]. As the measurements where conducted without any reference data on
the actual position of the ultralight aircraft relative to the radars position, no indication
regarding the angular precision of one direction over the other can be given. Most likely
the radar was rotated slightly with regard to the �ight trajectory in the azimuth tests,
which in turn resulted in the angled �ight trajectory.

The measurements show the applicability of CS as a DoA estimation method for modern
radar systems. Furthermore, the design of the MIMO antenna array based on two
orthogonally mounted ULAs was con�rmed with regards to DoA estimation.

3.1.3 Uniform Rectangular Antenna Arrays

URAs expand the single dimension of an ULA into a second dimension with elements
aligned on a grid with uniform spacing. When used as a phased-array, this combination
can steer the main lobe of the transmit array simultaneously in azimuth and elevation
in a form of 2D steering. When used as a receive array, the position of a target in both
angular dimensions can be estimated as well, as opposed to a single angular dimension
in case of an ULA. [SMH24] extends the previously applied system model to compare
an antenna array architecture in MIMO and phased-array mode using CS-based DoA
estimation. Furthermore, the antenna array and the beamsteering codebook are optimized
based on the Grammian representation of the DoA estimation sensing matrix. This presents
a novel approach to the DoA estimation problem and enables a joint optimization.

The array elements are numbered column-wise via linear indicesm = 1; 2; : : : ; My � M z

for the transmit array and n = 1; 2; : : : ; Ny � Nz for the receive array. This results in the
de�nition of the array positions in y- and z-dimension (cf. Fig. 3.9), given as

yTx ;m = � cdTx �
�

(m � 1 mod M y) �
M y � 1

2

�

zTx ;m = � cdTx �

 $
m � 1

M y

%

�
M z � 1

2

! (3.4)
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for the transmit array and

yRx;n = � cdRx �
�

(n � 1 mod Ny) �
Ny � 1

2

�

zRx;n = � cdRx �

 $
n � 1
Ny

%

�
Nz � 1

2

! (3.5)

for the receive array. Following [RHE14] and [HMHM21], the radar scenario describes
K targets with RCS values! k , ranges from the radar array given byr k , and angular
coordinates given by(� k ; � k) in terms of azimuth and elevation.

For most of the further derivation, two URAs are employed, each consisting of 15 antenna
elements. Here, the transmit array with� c=2 inter-element spacing is represented by an
M y � M z = 3 � 5 architecture. The receive array on the other side presents inter-element
spacings adapted to the transmit array withdRx;y = M ydTx ;y and dRx;z = M zdTx ;z and
M y � M z = 5 � 3 antenna elements. These antenna arrays are shown in Fig. 3.10.

A visual representation of the e�ect of electronic transmit beamsteering can be obtained
by the transmit array factor or the full array factor for transmit and receive operation.
Exemplary normalized array factors are presented in Fig. 3.11 and 3.12 for four di�erent
steering directions in azimuth and elevation. Notice that the electronic beamsteering set
is clearly visible in Fig. 3.11 which shows the array factor of the transmitting array. The
receive array performing no beamforming at all simply spreads the received energy over
azimuth and elevation which is not useful for illustrating purposes as shown based on the
full array factor in Fig. 3.12.

The MIMO operation is performed assuming perfectly orthogonal transmit signals at each
transmit antenna element, which results in the aforementioned maximization of its virtual
aperture. The electronic beamsteering operation employs the same array architecture as
the MIMO operation and di�erentiates between �ve exemplary beamsteering sets. Each
of these sets containsL = 25 combined steering directions in azimuth and elevation which
is given by the angular range in which the electronic beamsteering is performed. The �ve
exemplary steering sets are chosen to cover all ranges between wide beamsteering over the
entire FoV to very narrow beamsteering with small phase di�erences between the transmit
antennas. A tunable variable is used to demonstrate the impact of the steering range
on the reconstruction performance of an arbitrary scenario. Each steering set is named
after the range of steering it covers: Steer-Smax is given byZaz � Zel steering directions in
azimuth and elevation with equidistant azimuth steering directions� i

� Smax

2
� � i �

Smax

2
; i = 1; : : : ; Zaz (3.6)

and equidistant elevation steering directions� i

� Smax

2
� � i �

Smax

2
; i = 1; : : : ; Zel: (3.7)

The exemplary steering ranges in these sets are de�ned bySmax 2 f 5� ; 15� ; 30� ; 45� ; 60� g
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(a) Orthogonal signals from all transmit elements ensure that
the signals can be recovered at the receiver via matched �ltering
for MIMO signal processing.

(b) Simplest case of two-dimensional array geometry capable
of steering the main lobe of the transmit array in azimuth and
elevation direction ~� 1 and ~� 1, respectively. In this example, a
2 � 2 steering angle set is used.

Figure 3.9: Example array with two 2 � 2 transmit and receive antenna arrays. For
illustration purposes, the transmit and receive arrays were spatially displaced along
the z-axis, which is not necessary for a working implementation. The arrays could also
be nested within one another (for a more compact installation) while still achieving
the same virtual aperture. Figure based on [SMH24].
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Figure 3.10: Transmit ( ) and receive ( ) URAs employed for MIMO and
phased-array processing. The transmit array with� c=2 inter-element spacing with
f M y � M zg = 3 � 5 elements and the receive array withdRx;y = M ydTx ;y and
dRx;z = M zdTx ;z spacing between adjacent elements to form a non-overlapping virtual
aperture.
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Figure 3.11: Normalized power of transmit array gain of an antenna array layout
with 15 transmit (M y = 3, M z = 5) and 15 receive antenna elements (Ny = 5,
Nz = 3) as shown in Fig. 3.10. As an example, transmit beamsteering is done in
L = 4 discrete directions(~� l ; ~� l ) 2 f (� 15� ; � 15� ) ; (� 15� ; 15� ) ; (15� ; � 15� ) ; (15� ; 15� )g.
Transmit array factor for l = 1 and l = 4 with exemplary elevation and azimuth array
factor cuts (dashed red lines). Figure based on [SMH24].
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Figure 3.12: Normalized power of combined transmit and receive array gain of an
array layout with 15 transmit (M y = 3, M z = 5) and 15 receive antenna elements (Ny =
5, Nz = 3) as shown in Fig. 3.10. As an example, transmit beamsteering is done in
L = 4 discrete directions(~� l ; ~� l ) 2 f (� 15� ; � 15� ) ; (� 15� ; 15� ) ; (15� ; � 15� ) ; (15� ; 15� )g.
Combined transmit and receive array factor forl = 1 and l = 4 with exemplary
elevation and azimuth array factor cuts (dashed red lines). Figure based on [SMH24].

68



with Zaz = Zel = 5.
Monte Carlo simulations are run with 1000 di�erent random target positions in the

FoV for di�erent SNR values. Assuming additive white Gaussian noise (AWGN) at the
receiver, and 250 realizations per location in azimuth and elevation, this results in an
error variance of1=p

2:5� 105 = 2 � 10� 3. The stationary, point-like targets (Swerling 0
type) are considered to be in separate range-Doppler cells, such that a sparse scenario
with K = 1 can be assumed. The FoV of the array in azimuth and elevation is de�ned
as � 45� (with an assumed element gain of6dBi) and the target positions are drawn
randomly and uniformly from this interval. The angular grid which de�nes the sensing
matrix describes the searchable domain for the DoA estimation algorithm IHT and consists
of P = Q = 91 grid points per direction uniformly spaced by�� = �� = 1 � which results
in a grid covering the entire FoV. Although this angular grid is quite coarse, it allows for a
comparison between the di�erent techniques and at the same time for an implementation
on inexpensive COTS hardware. A further improvement of the DoA estimation in terms of
resolution can be achieved with a �ner grid, which in turn results in higher computational
complexity.

DoA estimation is done separately in azimuth and elevation, which brings a time-bene�t,
as the residual in the IHT algorithm reduces from lengthPQ to only P or Q, depending
on the angular domain. With this processing scheme, a more precise relation between the
array geometry and its performance in a certain domain can be drawn. DoA estimation
performance is evaluated by both the RMSE and the probability that a scenario cannot
be correctly reconstructed (dubbedreconstruction error probability). The RMSE is an
error magnitude measure, which provides the ability to quantify the accuracy of the angle
estimation of each algorithm. The reconstruction error probability, on the other hand, is
a binary measure, which highlights cases of imperfect reconstruction of target scenarios.

Simulation Results

As a baseline measure, the smallest 2D steerable array layout withM y = M z = Ny = Nz = 2
elements is used (this setting is also shown in Fig. 3.9). As mentioned above, steering is
performed in L = 25 steering directions uniformly distributed in azimuth and elevation
given the assigned steering rangeSmax . Given these parameters, the MIMO-TDM mode
results in a virtual aperture with 4 � 4 = 16 elements while the electronic beamsteering
can utilize 25 � 4 = 100 receive paths, which is compensated via an SNR penalty of
Ppenalty = 7:96dB for the beamsteering mode. Fig. 3.13 illustrates the RMSE for the given
con�guration with one target within the FoV. With the exception of the Steer-5� case,
which performs worse, the RMSE is the same in both radar modes.

The corresponding resulting error probability is shown in Fig. 3.14. It can be noted
that the electronic beamsteering mode performs as good as the MIMO mode, while it
is even possible to slightly outperform the orthogonal signal processing of the MIMO
mode at appropriate SNR. The DoA estimation improvement is in accordance with
previous simulations for a single-dimension electronic beamsteering array [SMH22]. This
improvement of2dB � 3dB can even be extended by considering larger arrays, as those
topologies o�er narrower beams and thus enable a more precise electronic beamsteering.
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Figure 3.13: DoA estimation RMSE of a scenario with a single target for SNR values
between� 30dB and 50dB. The employed radar system consists of a2 � 2 transmit
and a 2 � 2 receive antenna array as illustrated in Fig. 3.9. Figure based on [SMH24].
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Figure 3.14: DoA reconstruction error probability of a scenario with a single target
for SNR values between� 30dB and 50dB. The employed radar system consists of
a 2 � 2 transmit and a 2 � 2 receive antenna array as illustrated in Fig. 3.9. Figure
based on [SMH24].
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Figure 3.15: DoA RMSE of a scenario with a single target for SNR values between
� 30dB and 50dB. The employed radar system consists of a3 � 5 transmit and a
5 � 3 receive antenna array as illustrated in Fig. 3.10. Figure based on [SMH24].

Subsequently, the aforementioned asymmetrically extended layout shown in Fig. 3.10
is used as an example. These asymmetric arrays were deliberately chosen to show the
e�ects of electronic beamsteering on the DoA estimate of a given angular dimension. In the
MIMO processing mode, the array expands to a virtual aperture of15� 15 elements, which
provides equal angular resolution in azimuth and elevation. The electronic beamsteering
mode deals with square steering sets in the transmit domain with 25 steering directions
and an accompanying asymmetrical receive array, which provides by itself a higher angular
resolution in the elevation domain. An SNR penalty ofPpenalty = 2:2dB is applied to
the electronic beamsteering receive signal. Looking at the RMSE curves in Fig. 3.15, in
azimuth dimension both array modes deliver basically similar results (with the exception
of Steer-5� ) � as with the former layout. The asymmetric layout of the receive array with a
higher number of antenna elements in they-direction bene�ts the elevation domain, which
is re�ected in a slight improvement of the RMSE based on the beamsteering compared to
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the MIMO mode. In general, all beamsteering ranges except Steer-5� and Steer-15� are
well suited for DoA estimation, based on the RMSE.

The resulting error probabilities are given in Fig. 3.16 and show the impact of
asymmetrically extended arrays on the performance. The electronic beamsteering can
outperform the MIMO mode by up to 20 %for DoA estimation in the elevation domain
at an SNR of15dB, regardless of the chosen beamsteering range. In the azimuth domain,
the improvement can be further extended when utilizing a narrow electronic beamsteering
range of� 5� , which results in a reduction of the error probability by a factor of up to 5 at
an SNR of 15 dB.

The simulation results have shown that the electronic beamsteering phased array can
improve in DoA estimation over a MIMO processing scheme regardless of the antenna
array layout. Furthermore, the estimate can improve when the estimation is performed for
each angular domain separately, besides a reduction in processing time due to the lower
complexity of the linear system of equations. From the di�erent steering sets illustrated in
Figs. 3.13, 3.14, 3.15, and 3.16, a relation between the improvement in reconstruction error
probability and the chosen angular range for steering the main lobe of the antenna array
becomes obvious. Correspondingly, a very narrow steering range seems to be advantageous
for DoA estimation with an electronically steered array. However, the main beam of the
array has to be su�ciently wide to still illuminate targets on the edges of the FoV. A
similar technique is known assequential lobingin radar tracking. This e�ect can be seen in
the analysis of the smallest array in Fig. 3.14, where the quality increases with a narrower
electronic beamsteering range. As expected, this improvement holds for both angular
dimensions of the DoA estimate.

In the second array layout in Figs. 3.15 and 3.16, this statement holds only for the
angular dimension with a larger number of elements in the transmit domain (given by
the azimuth dimension with M z = 5). In this asymmetric case, the rectangular array
a�ects the shape of the main lobe of the electronic beamsteering mode in the transmit
domain. The rectangular receive array (rotated by90� ) leads to an improved angular
resolution in the elevation domain compared to the azimuth domain. The simulation
results show the e�ects of such an arrangement, since the receiving array is unable to
reliably estimate the azimuth DoA for most ranges of electronic beamsteering. This is due
to its coarser angular resolution. Improvement can be achieved for narrower beamsteering
ranges. It only signi�cantly outperforms the MIMO mode performance at a very narrow
steering ofSmax = 5 � . From an antenna design perspective, these simulation results suggest
optimizing the electronic beamsteering based on both the layout of the transmit and receive
arrays. Thus, narrower beamsteering in the area where the receive array provides the lower
resolution appears advantageous. Additionally, a sharper main lobe of the transmit array
(in the dimension with more antenna elements) may be steered in a broader steering range
to illuminate the whole FoV.

Compared to the one-dimensional beamsteering presented in [SMH22], which leads to
gains of about3dB compared to MIMO processing, a two-dimensional implementation
provides signi�cantly improved gains on the order of10dB for a single angular dimension.
The RMSE curves of the simulations in Figs. 3.13 and 3.15 show no signi�cant improvement
in average angular resolution by electronic beamsteering compared to MIMO processing,
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Figure 3.16: DoA reconstruction error probability of a scenario with a single target
for SNR values between� 30dB and 50dB. The employed radar system consists of a
3 � 5 transmit and a 5 � 3 receive antenna array as illustrated in Fig. 3.10. Figure
based on [SMH24].
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with both processing methods remaining at the same level. However, comparing RMSE
with the corresponding reconstruction error probability in Figs. 3.14 and 3.16 shows that
electronic beamsteering indeed leads to an improvement.

Grammian Matrix Analysis

The Grammian matrix 	 T 	 provides information regarding the coherency of the
underlying columns of the sensing matrix	 . The ideal case would result in a perfectly
orthogonal sensing matrix with its Grammian representation given by the identity matrix.
CS relies on the in-coherency of individual columns of the sensing matrix to determine
the best approximate atom to a given underdetermined linear system of equations. This
is usually measured by the mutual coherence (MC) which gives the largest inner product
of any two column vectors of the sensing matrix [DE03]

� = max
1� i 6= j � m

j H
i  j j: (3.8)

Its maximum is reached with a value ofone for two identical columns, and the minimum
is de�ned by the Welch bound [Kut14]. The Grammian matrix on the other hand paints a
more complete picture of the coherency of each individual column pair in the sensing matrix.
This can constitute a better numeric tool for estimating the resulting CS performance.

For the presented second array layout withM y � M z = 3 � 5 transmit and Ny � Nz = 5 � 3
receive elements, the Grammian matrix of the sensing matrix for azimuth DoA estimation
is shown in Fig. 3.17, as well as for elevation estimation in Fig. 3.18. As the beamsteering
mode is encapsulated in the sensing matrix, a clear distinction between both angular
directions can be seen in Fig. 3.17 (a)-(e) and Fig. 3.18 (a)-(e). In MIMO-TDM processing
on the other hand, both angular directions perform equally well, as the resulting virtual
aperture presents a square aperture with equal angular resolution. The transmit arrays
structure results in a broader beam in the azimuth direction, as less antenna elements are
present. This can be observed in the width of the lobes on the main diagonal in Fig. 3.17.
With narrower beamsteering sets, this lobe widens even further and side lobes become less
present until the representation for Steer-5� comes very close to the MIMO representation.
This behavior can also be seen in Fig. 3.18, where the narrower width of the main lobe
causes the outer areas of the FoV to no longer be covered with narrower beamsteering.
Therefore, there is less distinctness here, so that an optimization of the beam steering set
towards a fully occupied FoV is desirable.

Considering the simulation results from the perspective of the Grammian matrices, it
seems desirable to construct the sensing matrix in such a way that the FoV is completely
�lled. The goal here is to avoid re-occurrence of the secondary maxima within the FoV.
These can be recognized by new, broader maxima in the upper and lower regions next to
the main diagonal. These have similar values as the main maxima on the main diagonal
of the Grammian matrix.

This loose optimization criterion would be described by a combination of the main lobe
width and the steering set. In the presented case, the most promising beamforming range
for the elevation estimate should be between25� and 15� , as can be seen in Fig. 3.16 and
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Figure 3.17: Normalized absolute Grammian matrices of the azimuth sensing matrix
of the second exemplary radar system which consists of a3 � 5 transmit and a
5 � 3 receive antenna array as illustrated in Fig. 3.10. The electronic beamsteering
is performed in di�erent sets with L = 25 discrete steering directions uniformly
distributed in azimuth and elevation in a range indicated by the angle. Figure based
on [SMH24].
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Figure 3.18: Normalized absolute Grammian matrix of the elevation sensing matrix of
the second exemplary radar system which consists of a3� 5 transmit and a 5� 3 receive
antenna array as illustrated in Fig. 3.10. The electronic beamsteering is performed in
di�erent sets with L = 25 discrete steering directions uniformly distributed in azimuth
and elevation in a range indicated by the angle. Figure based on [SMH24].
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in the changes between Fig. 3.18c and 3.18d. Between these two beamsteering sets, new
lobes begin to form on the outer diagonals of the Grammian matrix. In MIMO mode,
the resulting virtual aperture is of square shape and thus presents equal DoA estimation
resolutions in azimuth and elevation. This behavior is clearly visible when comparing the
dashed lines in Fig. 3.16.

A strength of the considered design is the general antenna array topology, which allows for
both conventional MIMO radar / virtual aperture processing and transmitter-side electronic
beamsteering. Note that the beamsteering mode usually requires a larger number of time
slots for a single DoA estimation than the MIMO mode. Correspondingly, in highly dynamic
target scenarios, it might still be useful to switch to the MIMO mode (at the expense of an
inferior reconstruction error performance). A common array topology therefore allows for
a seamless switching between both modes, in order to adapt the system to varying UAM
requirements.

3.2 Multiple-Input Multiple-Output Radar Design

The previous section has shown that CS-based DoA estimation can be accomplished with
conventional MIMO antenna arrays. In many occasions, these antenna arrays follow
conventional design considerations, as illustrated in the theoretical sections on antenna
array design, cf. Sections 2.6.2 - 2.6.6. CS theory states that most algorithms should
perform signi�cantly better with low coherence in the sensing matrix, as given by the
concept of MC (3.8). In [HMHM21] the performance of an OMP algorithm regarding
reconstruction guarantees for scenarios with more than one target is analyzed. Here, the
focus was on antenna array design considerations. It was shown that an increased degree
of randomness consistently improves the performance of MIMO arrays, which is in line
with common �ndings from CS theory advocating random sensing matrices. Moreover,
increasing the physical size of the array baseline also o�ers performance improvements,
when the grid size in angular domain is �xed, which is similar to conventional digital
beamforming. A deliberate design of transmit and receive antenna arrays in [HMHM21]
was able to outperform even fully random antenna arrays.

The following sections illustrate MIMO radar design considerations for the successful
application of CS-based DoA estimation techniques. The contents are based on the �ndings
published in [SOMH22; SMHH23; SOMH24] and previous derivations from [HMHM21]
regarding the randomization of antenna element positions in antenna arrays for CS-based
DoA estimation.

3.2.1 Circular Antenna Arrays

In antenna array design, circular arrays play a crucial role and are often used in DoA
estimation. Fig. 3.19 illustrates a semi-circular antenna array with two antenna arrays for
transmit and receive, respectively. The antenna elements in the arrays are not uniformly
spaced, but follow a spatial distribution based on the Hamming window6. This technique

6Relevant windowing functions for tapering are further explained in App. D
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Figure 3.19: Semi-circular array with transmit antenna array elements ( ), receive
antenna array elements ( ), and the resulting virtual antenna array ( ). The antenna
elements in the transmit and receive antenna arrays are spaced according to a Hamming
window to reduce sidelobes. Note that the virtual aperture is vertically shifted with
regard to the transmit and receive antenna arrays for better visibility.
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Figure 3.20: Illustration of the antenna element positioning procedure given a
Hamming window and equal area approximation. Based on [KCHP20; CKHP20] for
an exemplary aperture consisting of 12 elements.

can serve as an alternative to amplitude tapering which is usually used to reduce sidelobes
with uniform arrays. With using the illustrated spatial tapering, the same e�ect can
be generated without the need for arti�cially reducing the amplitude of the antenna
elements [KCHP20; CKHP20].

The positions of the antenna elements are selected in such a way that each antenna
element covers an equal area under the Hamming window. This procedure is illustrated in
Fig. 3.20. This way, a form of tapering can be accomplished without reducing the received
amplitude by amplitude tapering. In [KCHP20; CKHP20] this procedure is used to reduce
the sidelobe level (SLL) of the antenna array. The result can be observed in Fig. 3.21(a),
where the array gain factor of the semi-circular antenna array from Fig. 3.19 is shown.
This �gure also holds the array gain factors of three additional antenna array designs:

(b) Uniformly distributed semi-circular antenna array,

(c) Hamming window distributed square array, and

(d) Uniformly distributed square array.

These designs are illustrated in Fig. 3.22.
For this study, experimental data were obtained with the Hamming window distributed

semi-circular array. The radar system uses an FMCW waveform in the millimeter wave
(mmWave) domain, which makes it feasible for indoor measurements. The parameters of
the radar system are presented in Tab. 3.2. The setup under investigation contained three
stationary targets (Swerling 0 type) in the FoV of the radar system. The measured data
were processed through the same signal processing chain as the simulated data for the
other antenna array designs. After range processing through an FFT, the range of the
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Figure 3.21: Normalized array gain factor comparison for the four presented antenna
topologies ((a) Hamming window distributed semi-circular, (b) equidistantly spaced
semi-circular, (c) Hamming window distributed square array, (d) uniformly distributed
square array). The impact of the Hamming spacing of antenna elements in each
array can be observed in the reduction of sidelobes compared to the equidistantly
spaced antenna arrays ((a) compared with (b), (c) compared with (d)). Figure based
on [SMHH23]©2023 by the German Institute of Navigation (DGON).
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Figure 3.22: Illustration of the investigated MIMO antenna array structures: (a)
Hamming window distributed semi-circular, (b) equidistantly spaced semi-circular, (c)
Hamming window distributed square array, (d) uniformly distributed square array.
Figure based on [SMHH23]©2023 by the German Institute of Navigation (DGON).
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Table 3.2: Parameters of the experimental semi-circular FMCW MIMO antenna
array [KCHP20; CKHP20].

Parameter Value

Transmit Power 10 dBm
Center Frequency 121:5 GHz

Bandwidth 5 GHz
Num. of Transmit Elements 24
Num. of Receive Elements 24

targets is detected via a greatest-of (GO) cell-averaging (CA)-CFAR algorithm. As the
targets are separated into di�erent range cells, the scenario can be assumed sparse as only
one target is present per range-cell and thus per DoA estimation. In the next radar signal
processing step the angular positions of the targets are obtained via conventional BF and
a CS technique, represented by the IHT algorithm, as introduced in Sec. 2.5.4.

Measurement and Simulation Results

In a �rst step, the simulation is validated by comparing the DoA estimation result from
the measurements to the estimation based on the simulated data. The clutter pro�le
present in the experimental data is omitted in the simulated data. This comparison can
be found in Fig. 3.23. Two factors are causing the IHT to output slightly incorrect DoA
estimates when compared to the presented ground truth positions of the targets: On
the one hand, the experimental measurement contains a relatively strong clutter pro�le,
which causes multiple re�ection signals to overlap at the receiver. This is due to the
measurements not being conducted in a anechoic chamber to reduce clutter but in an o�ce
environment, where multiple re�ecting surfaces were present. On the other hand, the given
ground truth positions are only approximate values as they could not be determined with
su�cient precision during the measurement campaign. The aforementioned inaccuracies
were tolerated during the generation of the measurement data, as the radar system in use is
a search radar that should, in theory, be capable of reliably identifying targets in scenarios
characterized by heavy smoke with a multitude of scattering surfaces.

In addition to the IHT algorithm, conventional BF can be employed to obtain an
angular spectrum. This procedure is introduced in Sec. 2.5.3. The angular spectrum from
conventional BF processing of the experimental setup as well as the simulated data is shown
in Fig. 3.24. In direct comparison between Fig. 3.23 and Fig. 3.24 a signi�cant di�erence
regarding the signal dynamics is visible. Yet, both algorithms are capable of reproducing
the scene with its three targets with su�cient accuracy. However, the normalized spectra
of the IHT algorithm present lower side lobe levels.
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Figure 3.23: Comparison between (a) experimental data and (b) simulated data
after CS processing via IHT algorithm. The ground truth target positions are marked
as red circles. The simulation does only include the targets at their reference positions
and no other in�uences (e.g., clutter from the room). Figure based on [SMHH23]
©2023 by the German Institute of Navigation (DGON).

Figure 3.24: Comparison between (a) experimental data and (b) simulated data
ater conventional BF processing. The ground truth target positions are marked as red
circles. Again, the simulation does only include the targets at their reference positions
and not other in�uences (e.g., clutter from the room). Figure based on [SMHH23]
©2023 by the German Institute of Navigation (DGON).
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Antenna Design Comparison

From Figs. 3.23 and 3.24 the feasibility of the simulation model has been validated by
comparison with the experimental data. Therefore, Figs. 3.25 and 3.26 compare the
di�erent antenna array architectures in terms of DoA estimation performance. Besides the
objective of reducing side lobe levels through spatial Hamming tapering, CS theory expects
the random antenna structure from Fig. 3.22a to deliver superior results over the other
topologies, as pseudo-random antenna positions reduce the MC inside the sensing matrix.
This indicator is used to estimate the CS algorithm performance. This least-random
antenna topology in the regular semi-circular case (3.22b) enables the IHT algorithm to
su�ciently estimate the targets angular position, while still introducing relatively high
sidelobes. This even holds for the rectangular structure (3.22c) with Hamming tapering.
The strong grating lobes visible in the array gain factor for the regular rectangular array
(3.22d) result in strong ambiguities in the DoA estimation. Altogether, it can be seen that
the semi-circular Hamming-tapered antenna array topology [KCHP20; CKHP20] yields the
best results in conjunction with IHT-based CS DoA estimation, as it o�ers a low sidelobe
level over the entire FoV and does not entail any grating lobes. Corresponding results
for conventional beamforming are presented in Fig. 3.26, which illustrate the resulting
increased SLLs compared to the applied CS approach.

3.2.2 Distributed Antenna Arrays

The idea of spatially separating antenna panels in order to both increase the detection
performance of smaller, �uctuating targets and to reduce mutual interference with
neighboring RF systems is investigated in [SOMH22] and [SOMH24]. A related concept
in MIMO radars exploits the angular diversity by using spatially separated antenna
arrays [HBC08]. Using such setups, the spatial resolution can be increased even to exceed
the resolution limited by the bandwidth [LHBC06]. This increases the detectability and
classi�cation of smaller objects such as other UAVs or obstacles in the �ight trajectory.
The concept of spatially separated antennas to attain angular diversity is illustrated in
Fig. 3.27. Here, two antenna arrays at locationsA and B are separated by a separation
distances. As a baseline, a conventional co-located antenna array is used in the center of
the UAV. The number of antenna elements in this array is equal to the overall antenna
element count of both separated antenna arrays. This ensures a fair comparison, as the
overall number of antenna elements for both cases is equal.

Following the conventional plane-wave assumption in the collocated case, the path
length di�erences � A and � B in the re�ection paths would be assumed to be equal.
In the widely-separated case, a di�erence between those path lengths is clearly visible.
Furthermore, a distinction between the four illustrated signal re�ection paths must be
made, as they di�er by more than a full wavelength.
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Figure 3.25: Comparison between the di�erent MIMO array architectures ((a)
Hamming window distributed semi-circular, (b) equidistantly spaced semi-circular,
(c) Hamming window distributed square array, (d) uniformly distributed square array)
after CS processing via IHT algorithm. The scenario is modeled after the experimental
setup, so that the ground truth angular target positions are marked as red circles. The
reduced sidelobes are clearly visible comparing (a) and (b). Furthermore, the large
antenna separation in (d) resolves in ghost targets as opposed to (c). Figure based
on [SMHH23]©2023 by the German Institute of Navigation (DGON).
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Figure 3.26: Comparison between the di�erent MIMO array architectures ((a)
Hamming window distributed semi-circular, (b) equidistantly spaced semi-circular,
(c) Hamming window distributed square array, (d) uniformly distributed square array)
after conventional BF processing. The scenario is modeled after the experimental
setup, so that the ground truth angular target positions are marked as red circles.
Figure based on [SMHH23]©2023 by the German Institute of Navigation (DGON).
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Figure 3.27: Illustration of a UAV with a central communication system ( ) and
two widely separated MIMO radar arrays ( ) as an option to reduce inter-system
interference. These radar antenna elements are placed within two spatially separated
subarrays at pointA and B, while a target is located at the central focus point(x � ; y� ).
The target location can be described using the angle� between boresight direction
(given by the x-axis) and the centered range direction (rangeR0) starting at the origin.
The occurring signal re�ection paths between the subarrays are illustrated as well.
Figure based on [SOMH24]©2024 IEEE.
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Derivation of the Exact Direction-of-Arrival Estimation Equation

In the system model, a general con�guration ofM transmit antenna elements at positions
[xm ; ym ]T and, correspondingly,N receive antenna elements at positions[xn ; yn ]T is assumed.
� independent scatterers, composing a distributed target, are located at positionsX � =
[x � ; y� ]T . The contribution of a single scatterer� to the overall RCS is described by
a complex variable! � . To create a Swerling 1 behavior like described in Sec. 2.3.1,
the contributions ! � from the individual scatterers are assumed to be independent and
identically distributed (i.i.d.) with zero mean and a variance of1=� , �uctuating from
one coherent processing interval to the next. Specifying a square diagonal matrix
 =
diag(! 1; : : : ; ! � ), the overall RCS of the target is normalized toEf tr( 

 H)g = 1.

Fig. 3.27 depicts a two-dimensional scenario with separated antenna subarrays on the
y-axis at positions A = [0; s=2]T and B = [0; � s=2]T . The target position is given by
T = [R0 cos�; R 0 sin� ]T and is characterized in polar coordinates by a rangeR0 and an
azimuth angle � . It also exhibits the radii, and thus the spheres with equivalent phase,
for the three relevant rangesRA ; RB ; R0. It is trivial to note that the di�erences between
the path lengths, resulting in� A and � B , depend on three factors, namely the separation
between the subarrayss, the rangeR0, and the azimuth angle of the target object� . The
relation is obtained using the trigonometric relations of the actual path lengthsRA , RB ,
given by

RA;B (R0; s; � ) = R0

s

1 +
� s

2R0

� 2

�
� s

R0

�

sin�: (3.9)

For simplicity, the following substitutions are de�ned: � := s=R0 and zA;B := ( �=2)2 � � sin� .
With these substitutions, the path length can be expressed as

RA + RB = R0
p

1 + zA + R0
p

1 + zB ; (3.10)

where the root terms are interpreted as scaling factors of the reference path lengthR0.
The Taylor approximation

p
1 + z =
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16
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128
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7z5

256
+ : : : (3.11)

is employed to yield an approximated expression of
p

1 + z that enables independence of
the angle� . Keeping the �rst two terms yields

RA + RB � 2R0 (1 + � 2=8) : (3.12)

Assuming the �rst order Taylor expansion to be su�cient to calculate the approximate
path length, an error " is introduced and2R0 maxfj " jg can be de�ned as an upper bound
of the error. To this end, the Lagrange error of

p
1 + z is evaluated. When� � 1 and

� = � �= 2, the maximum error can be approximated to be smaller than� 2=2. A common
convention is that the error shall not exceed� =8, marking the critical phase error between
the correct pathRA + RB and the Taylor approximation [Ric18]. This yields the well-known
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Fraunhofer expression

R0 >
2s2

�
; (3.13)

which de�nes the far-�eld distance of an antenna with aperture sizes operated with
wavelength� . This relaxes the calculations in the colocated array since the phase error
between the MIMO paths is bounded by� =8 for almost all practical distances. Widely
separated antenna arrays with a separation ofs � � possess a quadratically increasing
far-�eld range, however.

Let now M mutually orthogonal signalssm (t) be transmitted from each antenna element
m and illuminate the target, which causes the signal to experience an amplitude and
phase change. The scattered energy propagates back and is collected at theN receive
antenna elements. This is done for all transmit/receive element combinations resulting
in MN contributions. In the case of perfect orthogonality of allM transmit signals,
the corresponding received signals can be separated at each receive antennan to yield
altogether MN measurements. The superimposed, time-delayed and back-scattered signal
components that originate from transmit elementm and are received at elementn, can be
written as

rmn (t) =

s
E
M

�X

� =1

h(� )
mn sm (t � � m (X � ) � � n (X � )) ; (3.14)

whereE notes the total employed transmit energy andh(� )
mn can be interpreted as the channel

gain factor between themn-th transmit/receive antenna element pair when re�ected o�
the � -th scatterer. � m (X � ) and � n (X � ) stand for the propagation time delay to the target
(scatterer� ) and back to the receive element, causing a phase shift in the signal. Assuming a
narrowband signal and no dispersion on the path, the channel gain factor can be formulated
as

h(� )
mn = ! � exp (� j 2�f c [� m (X � ) + � n (X � )]) : (3.15)

Herein, f c is the carrier frequency of the radar system. The superimposed gains of all�
scatterers occurring in the individual paths from theM transmit antenna elements to the
N receive antenna elements can be organized in anN � M matrix

H = K
G ; (3.16)

where the � � M matrix G accounts for the phase shifts on the transmit paths
(g�;m := exp (� j 2�f c � � m (X � ))), the already introduced matrix 
 holds the target scatter
properties, and theN � � matrix K represents the phase-shift contributions of theN
receive paths (kn;� := exp ( � j 2�f c � � n (X � ))).

Regarding DoA estimation at the receiver, to account for the phase delay e�ects a
correction term shifts theMN received signals to a de�ned center, preferably the center
of the UAV. This results in an MN � Z steering matrix 	 containing the phase shiftsej �

for the MIMO paths associated withZ possible target object angles. Given an angular
dictionary in azimuth with �� -spaced uniformly distributed grid points

# =
h
0 1 2 � � � (Z � 1)

i T
��; (3.17)
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the required length di�erences in the distinct propagation paths for the widely separated
case are calculated via

� A;B (R0; m; n; #z) =

R0 � RA;B

�

R0;
q

(xm � xn )2 + ( ym � yn )2; #z

�

:
(3.18)

The (exact) path lengths from (3.9) are substituted for the universal case ofM transmit and
N receive antenna elements. With this, the phase di�erence results in the antenna-speci�c
factor

� exact(R0; m; n; #z) =
2�
�

[� A (R0; m; n; #z) + � B (R0; m; n; #z)] :
(3.19)

Thus, the matrix 	 exact contains a complete mapping of the phase shifts that occur between
all MN antenna element combinations forZ di�erent target azimuth values and a given
range valueR0.

Throughout the simulation, the well-discussed conventional steering terms shall serve as
a comparison. Therefore the matrix	 conv is constructed. Applying the parallel-ray
and plane-wave assumption, the (range-independent) phase di�erence results in an
antenna-speci�c factor

� conv(m; n; #z) =
2�
�

[dTx m + dRx n] sin#z; (3.20)

with m = 1; : : : ; M and n = 1; : : : ; N . Lastly, the steering factors� conv and � exact are
inserted into 	 as follows:
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4
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; (3.21)

with � = � exact(R0; m; n; #z) for the exact calculation and � = � conv(m; n; #z) for
conventional DoA estimation.

In [SMH22], the in�uence of the elliptic signal model due to the wide separation of
the antenna arrays and a signal processing approach to determine the DoA of targets
is presented. Given the examplary phase di�erences shown in Figure 3.28, an array
con�guration with spacing s = 4 m at 14GHz results in an antenna spacing ofs �
190 � and a maximum phase di�erence of7:7� at � t = 0 � . This phase shift cannot be
compensated by conventional phase shifting with a maximum phase shift of2� . As before,
CS as a signal processing paradigm is used to estimate the DoA of a sparse target scenario.

Building on the �ndings and presented signal model in [SOMH22], [SOMH24] extends
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Figure 3.28: Phase error in multiples of� between parallel-ray assumption and
correct path length for di�erent antenna spacing of sub-arrays and target angles. The
target rangeRt is set to 50 m. Figure based on [SOMH24]©2024 IEEE.

92



Figure 3.29: Comparison between a colocated antenna arrayCo-8 and its separated
version Sep-8 given a target with an angle-dependent RCS pro�le using an angular
dictionary with �� = 0:75� spacing. The targets are placed at a range ofR0 = 45 m.
Figure based on [SOMH24]©2024 IEEE.

the concept towards DoA estimation of small, �uctuating targets in the FoV of a UAV with
widely-separated antennas. The special nature of the beampattern of widely-separated
antennas could be exploited using beampattern analysis to optimize the estimation results.

Root Mean Squared Error Analysis

In Fig. 3.29 the SNR-dependent RMSE of a �uctuating target with angle-dependent RCS
value for the three antenna array con�gurations is presented. The target is simulated as a
point target with normally distributed linear RCS with mean value 0:9 m2 and standard
deviation 1:4 m2. Given a dictionary resolution of�� = 0:75� , all con�gurations are able
to generate a similar RMSE in the same SNR regime. To be able to generate those values
given a widely separated antenna con�guration likeSep-8, the exact angle reconstruction
introduced in (3.19) has to be employed. Note that at this point, the advantage of angular
diversity, which should be expected forSep-8, is not noticeable. The reason is that the
CS-based DoA step needs to be optimized �rst, as detailed below. In the following �gures,
the results are shown for non-�uctuating, point-like targets with uniform RCS in all angular
directions, in order to exclude the positive e�ect of a target with angle-dependent RCS on
the DoA estimation with a widely separated antenna array.

Fig. 3.30 shows simulation results for all topologies. As expected, the conventional
and exact calculations line up perfectly for the colocated antenna arraysCo-4 and Co-8,
as the bistatic e�ect is negligible. For the separated designSep-8, the advantage of an
exact calculation is clearly visible, as the dashed blue line indicates a signi�cantly better
performance than the solid blue line for low SNRs from approx.� 10dB to 3dB. This
e�ect becomes even more apparent for closer targets, as illustrated in Fig. 3.31. Here, the
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Figure 3.30: Comparison between the RMSE curves for SNR values between� 25dB
and 50dB for three antenna designs (Co-4, Co-8 and Sep-8), both for exact DoA
estimation (3.19) and the conventional approach(3.20). The targets are placed at a
range ofR0 = 45 m and the angular dictionary is given for a spacing of�� = 0:75� .
Figure based on [SOMH24]©2024 IEEE.

exact approach maintains an approximately constant level regardless of the distance of
the target. However, while the exact calculation can enhance DoA estimation results in
terms of necessary SNR and achieved estimation resolution, it falls short of achieving the
performance of colocated arrays.

Fig. 3.32 illustrates the origin of the di�erence in minimal RMSE for the separated array
case. The distance between grating lobes that appear when separating the elements of
an ULA is proportional to this separation. With separated antenna arrays, those grating
lobes also occur, and with large array separations, they form a dense pattern as shown
in Fig. 3.33. These condensed grating lobes now represent a lower limit for the minimum
RMSE that an antenna array can achieve. For the noiseless case, the minimum RMSE
is thus limited by the employed angular grid (as can be seen in the colocated cases = 0)
and by the separation of antenna arrays. Given a spacing ofs = 4 m as shown in Fig. 3.33,
the uniform grating lobe distance is approximately0:43� , which in turn can be identi�ed
as the distance between the major peaks in Fig. 3.32. The choice of an angular grid with
the same spacing as�� is unfavorable. Generally, it must be examined to what extent
the separation of the subarrays a�ects the granularity of the beampattern and leads to
grating lobes, which have a negative e�ect on the angular resolution. This means that
for optimal performance, the spacing of the angular grid for angle estimation should be
matched to the separation of the antenna arrays. Fig. 3.34 illustrates this e�ect, where
for both �� = 0:5� and �� = 2 � basically the same RMSE values are reached. Based on
Fig. 3.32 a local optimal value of�� = 0:35� can be chosen to optimize the RMSE curve
by also considering the grating lobe spacing for widely separated antenna arrays. This
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Figure 3.31: RMSE results using Sep-8 for di�erent target distances. The
conventional method deteriorates for close targets. Figure based on [SOMH24]©2024
IEEE.

Figure 3.32: Minimum achievable RMSE for sensing matrix resolutions between
0:1� � �� � 1:5� for the noiseless case and targets placed in far-�eld. The curves
illustrate the behavior for subarray spacings betweens = 0 m (Co-4 or Co-8) and
s = 8 m. Figure based on [SOMH24]©2024 IEEE.
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Figure 3.33: Beampattern of a distributed radar array with M = 8 antenna elements.
The envelope is determined by the subarray structure, in this case two ULAs with
M=2 = 4 antenna elements with�= 2 spacing. An increased subarray spacing of
(a) s = 1 m and (b) s = 4 m leads to a larger number of grating lobes and thus a
decreased distance between neighboring grating peaks, while the beampattern envelope
is preserved. Figure based on [SOMH24]©2024 IEEE.

Figure 3.34: Comparison between di�erent grid sizes for DoA estimation using
the exact approach and theSep-8 antenna array con�guration with targets placed
at a range ofR0 = 45 m. As predicted by Fig. 3.32, the grid has to be chosen to
accommodate the grating lobe spacing and can be chosen for a local minimum of, e.g.,
�� = 0:35� . Figure based on [SOMH24]©2024 IEEE.
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Figure 3.35: Comparison between a colocated antenna arrayCo-8 and its separated
version Sep-8 given a target with an angle-dependent RCS pro�le. Figure based
on [SOMH24]©2024 IEEE.

result is counter-intuitive, since in principle one would expect that a higher resolution or
a lower RMSE should be achieved with smaller grid spacing. As can be seen, a resolution
of �� = 0:1� yields a small performance advantage over�� = 0:35� , which is in accordance
with Fig. 3.32, however at the expense of an increased computational complexity.

Finally, the optimized dictionary spacing is applied to the target with a diverse RCS
pro�le, as illustrated earlier in Fig. 3.29. Fig. 3.35 shows the improved result given a
resolution of �� = 0:35� : the colocated arraysCo-4 and Co-8 are not able to improve
on the RMSE since they are limited by the mean RCS of the target. Widely separated
antennas in the form ofSep-8con�guration on the other hand are able to improve further,
as the limiting factor in Fig. 3.29 was given by the resolution of the angular dictionary and
the overall beampattern of the antenna arrays. In Fig. 3.30, widely separated con�gurations
were not able to keep up with colocated antenna arrays, when regarding the minimum
RMSE value. Now, the widely separated con�guration can bene�t from a larger set of
illumination angles and an overall better RCS pro�le compared to the narrow cone ofCo-8.

Schematic Analysis

The main objective behind the separation of a central MIMO antenna array into a
widely-separated system is the reduction of mutual interference between on-board RF
systems in a con�ned installation space. Furthermore, a widely-separated antenna array
enables better detectability of small and �uctuating targets with angle-dependent RCS
values. The UAM scenario, with a large number of small and agile AAVs or UAVs, is a
perfect example of an application of this concept. These platforms are highly �uctuating,
presenting challenging targets for detection and avoidance systems. As shown in Fig. 3.35
given a �uctuating target, the widely separated antenna array is able to resolve the DoA
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of a single target better than a colocated MIMO array with the same number of antenna
elements. Furthermore, by increasing the spatial separation of RF systems � in this case by
4 m compared with the colocated array � an additional attenuation of interference power
of approx. 58 dB given simple free-space path loss calculation can be accomplished.

3.3 Chapter Summary

This chapter had two main focuses: (i) The improvement of target DoA estimation
exploiting the concept of electronic beamsteering in combination with innovative DoA
estimation techniques like CS applied to conventional MIMO arrays and (ii) the
improvement of the DoA estimation using CS techniques combined with unconventional
antenna array design techniques. In the �rst part, electronic beamsteering was successively
applied to more complex antenna architectures to achieve more accurate angle estimates.
The Grammian representation of the sensing matrix was used to make predictions about
the reconstruction probability using CS algorithms. It became evident that the angles in
the electronic beamsteering codebook can be adapted to the respective architectures of the
transmit and receive arrays in order to enable DoA estimates that are as ambiguity-free and
as accurate as possible. Measurements from theMaster360 project were used to employ
CS-based DoA estimation on real-world data.

In the second part of the chapter, di�erent antenna array design approaches were
examined. On one hand, the DoA estimation using CS and the resulting promising
optimization approaches by randomized antenna element positions in the antenna array
were discussed. The performance of pseudo-randomized antenna arrays with CS algorithms
could be demonstrated with experimental and simulated data. On the other hand, the
practical implications of widely-separated antenna arrays have been considered. These
present a valuable way to improve the coexistence of independent RF systems in limited
installation spaces on the one hand and to improve the detection probability of targets
with angle-dependent RCS values on the other. The improvement of the angle estimation
for widely-separated antenna arrays could also be demonstrated by smart tuning of the
parameters to the antenna architecture.
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4
Wireless Communication Fundamentals

Subsequent to the presentation of the fundamentals of radar signal processing and the
speci�c results for this topic in Chapters 2 and 3, the following chapter introduces
selected areas of the description of communication systems. Therefore, it functions as
a theoretical basis in the presentation of novel research contributions, thereby facilitating
a comprehensive understanding of the subsequent results for joint communication and
sensing (JCAS) systems.

The use of electro magnetic (EM) frequencies enabled long-distance wireless
communication based on the theoretical framework of Ferdinand Braun and Guglielmo
Marconi's practical inventions in wireless telegraphy [LR21]. This invention was able
to connect people far beyond the reach of previous telegraphy systems using wires
� even enabling transatlantic communication. The introduction of voice and radio
broadcasting made radios common household devices for entertainment and information
purposes [RBL18]. With the launch of the �rst communication satellites, radio frequency
(RF)-based communication was extended towards space. The direct and instant availability
of a global communication network led to prosperous trade relations and the connection
of the entire world.

This chapter serves as a theoretical basis for understanding the combination of
communication and sensing systems in future JCAS systems. It provides basic distinction
categories for wireless communication systems in Section 4.1. General system and channel
models are introduced in Section 4.2 and 4.3, respectively. Multiple access (MA) techniques,
e.g., for enabling multi-user support, are presented in Section 4.4 before �nally presenting
linear modulation techniques in Section 4.5.

4.1 An Overview on Wireless Communication Systems

Wireless communication systems are an essential component of modern technology,
providing the ability to transmit information over vast distances without the necessity
for physical connections. Figure 4.1 illustrates the generic wireless communication system
block diagram, which aims to transmit information from an information source through a
channel to the information sink at the other end of the chain. In this context, the terms
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Figure 4.1: Simpli�ed overview of a wireless communication system and its
components.

�transmitter� and �receiver� are used to refer to the physical structures that are responsible
for the transmission of information. These systems encompass a variety of technologies and
methodologies that facilitate the transmission and reception of data via the EM spectrum,
rendering them indispensable in a multitude of applications, including mobile telephony
and satellite communications [RABT02; TV05].

Wireless communication systems can be broadly categorized based on the number of
antennas employed in the system [Sha17]. This categorization is analogous to that employed
in radar systems and is pivotal in de�ning the system's capabilities and performance.
The simplest form of wireless communication system is the single-input single-output
(SISO) system, which employs a single antenna at both the transmitter and receiver.
Although this con�guration is relatively simple, it is constrained in its capacity to process
intricate communication scenarios, particularly in settings with substantial interference
or noise. The sophistication of antenna con�gurations has increased in parallel with the
growing complexity of communication requirements. An example of an advanced wireless
communication system is the single-input multiple-output (SIMO) system, which employs
multiple antennas at the receiver. This con�guration enhances the system's ability to detect
and process signals, particularly in environments where the signal strength or quality may
be compromised.

In contrast, multiple-input single-output (MISO) systems employ multiple antennas at
the transmitter. This con�guration is particularly advantageous for enhancing transmission
reliability and can facilitate techniques such as beamforming, whereby the direction
of the signal is controlled to optimize communication with the receiver [God97]. The
most sophisticated and extensively investigated con�guration is that of multiple-input
multiple-output (MIMO) systems, which employ multiple antennas at both the transmitter
and receiver. MIMO technology enables substantial enhancements in data throughput
and link reliability without necessitating additional bandwidth or increased transmit
power. This is accomplished through spatial multiplexing, which permits the concurrent
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transmission of multiple data streams over the same frequency channel, e�ectively
multiplying the capacity of the wireless link [Tel99]. Furthermore, MIMO systems
can leverage spatial diversity, providing resilience against fading and interference by
transmitting the same signal over multiple antennas.

Beyond these foundational con�gurations, the implementation of massive MIMO systems
signi�es a considerable advancement in wireless communication technology [Mar10].
By leveraging a vast array of antennas, often numbering in the hundreds, massive
MIMO systems can markedly augment the capacity and dependability of wireless
networks [BLM16]. This technology is especially promising for forthcoming 5G and
subsequent networks, where the necessity for higher data rates and more reliable connections
persists [ABC+14].

A further crucial aspect of wireless communication systems is the range of communication
modes they are capable of supporting. In point-to-point communication, a direct link is
established between a single transmitter and receiver, a con�guration that is typical in
many conventional communication systems. However, modern wireless systems often
require the ability to support more complex scenarios, such as multicast (where a single
source transmits to multiple receivers), broadcast (where information is sent to all
users in a network), and multi-user communication (where multiple users communicate
simultaneously). The provision of multi-user support is typically achieved through the
allocation of orthogonal resources, such as di�erent frequencies, time slots, or spatial paths,
to avoid interference and ensure reliable communication for all users (see Sec. 4.4).

To enhance the performance of these systems � especially within dynamic and diverse
environments � advanced channel modeling and estimation techniques are utilized. These
techniques account for the varying characteristics of the wireless channel, such as path
loss, fading, and interference. Such factors can signi�cantly impact the quality of the
communication link, necessitating the implementation of accurate channel estimation.
Without such estimation, adapting the transmission to the channel's present state is
impossible. This adaptation is crucial for techniques such as adaptive modulation and
coding, which adjust transmission parameters in real time to maximize e�ciency and
reliability [GC97].

Another essential technique in wireless communication systems is precoding, which is
particularly important in MIMO and massive MIMO setups [JUN05]. Precoding involves
processing the transmitted signals in such a way that they are optimized for the speci�c
conditions of the wireless channel. This involves taking into account the channel state
information (CSI) available at the transmitter. When CSI is used e�ectively, signi�cant
improvements in transmission e�ciency can be achieved [GKH+07]. This is due to the fact
that it allows for better management of interference and more e�ective use of the available
spectrum.

MIMO systems, in particular, bene�t from the ability to perform spatial multiplexing and
spatial diversity, depending on the quality of the channel. In favorable channel conditions,
spatial multiplexing can be employed to transmit multiple independent data streams,
thereby greatly increasing the data rate. Conversely, in less favorable conditions, spatial
diversity can be utilized to enhance reliability by sending the same data over multiple
antennas to combat the e�ects of fading and other impairments.
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As wireless communications continue to evolve, research is increasingly focused on
developing more �exible and adaptive systems. Current research areas include the
exploration of adaptive modulation and coding schemes that operate across time, frequency,
and spatial domains [STB11]. These schemes are designed to dynamically adapt to changing
channel conditions, ensuring optimal performance even in challenging environments. In
addition, multi-carrier transmission schemes, which divide the available bandwidth into
multiple carriers, are being developed to enhance robustness against frequency-selective
fading and interference [LS06]. Another important area of research is the development of
�exible multi-user access schemes, which aim to provide more e�cient and fair resource
allocation among multiple users in a network. This is particularly important in dense urban
environments where many users compete for limited resources. Interference management
remains a critical challenge in wireless communication systems, especially as networks
become more congested [NLM13]. Techniques such as adaptive resource allocation and
interference coordination are being developed to manage and mitigate interference, ensuring
that users can maintain high-quality connections even in congested environments.

Finally, the concept of cognitive radio and spectrum sensing is gaining traction as a
way to make more e�cient use of available spectrum [Hay05]. Cognitive radios are able
to sense their environment and dynamically adjust their operating parameters to avoid
interfering with other users, allowing spectrum to be shared more e�ectively and reducing
the likelihood of con�icts [ALVM06].

Depending on the communication application, di�erent RF bands are used. With
developments in integrated circuit design and increasing needs for bandwidth, applications
tend to increase their operating frequencies. Thus, modern communication applications
� similar to radar applications � are designed for millimeter wave (mmWave) frequencies.
The following list highlights prominent RF bands with some of their respective applications
in wireless communications. Naming conventions are de�ned following the International
Telecommunication Union (ITU) standard in [Int47].

Very low frequency (VLF) ( 3 kHz-30 kHz) has been used for long-range communication
since the early 20th century.

Low frequency (LF) ( 30 kHz-300 kHz) was the primary band for radio broadcasting
before the advent of frequency modulation (FM) broadcasting. It was also historically
used for long-distance communication due to its ability to propagate over large
distances via ground wave.

Medium frequency (MF) ( 300 kHz-3 MHz) was once the primary band for commercial
amplitude modulation (AM) radio broadcasting. It was also widely used for
long-distance communication before the development of equipment for higher
frequency bands.

High frequency (HF) ( 3 MHz-30 MHz) has been crucial for long-distance communication,
especially for international broadcasts and military communication. It became
particularly important during World War II when it was used for communication
between distant military units.
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Very high frequency (VHF) ( 30 MHz-300 MHz) became popular for FM broadcasting
due to its superior sound quality compared to AM. It is also widely used for
line-of-sight communication due to its shorter wavelength, e.g., in air tra�c control
or land and marine communications.

Ultra high frequency (UHF) ( 300 MHz-3 GHz) gained prominence with the introduction
of television broadcasting, as it allowed for more channels to be used in a given
bandwidth compared to VHF. It is also extensively used for mobile communication
due to its ability to penetrate buildings and foliage better than higher frequencies.

Super high frequency (SHF) ( 3 GHz-30 GHz) frequencies are widely used for satellite
communication due to their ability to transmit large amounts of data over
long distances. Microwave links also utilize SHF frequencies for point-to-point
communication, e.g., in wireless local area networks (WLANs).

Extremely high frequency (EHF) ( 30 GHz-300 GHz) frequencies are increasingly used
for high-bandwidth communication systems, such as 5G networks, due to the large
available bandwidths, which in turn results in high data rates.

In accordance with the frequency ranges selected in Chapter 2, the frequency bands
pertinent to the communication component of the subsequent implementation of JCAS
in this work are predominantly concentrated around SHF and EHF. Moreover, the
characterization of distinct communication components within these JCAS systems
invariably adheres to the baseband description. Consequently, any frequency range may
be selected for the implementation of the aforementioned techniques.

4.2 System Model

Following the derivation of the radar system model in the previous chapter, the
communication system can also be described by a generic MIMO model [Höh13, Ch.
23.2]

y = Ha + n : (4.1)

The described system consists ofM transmit antennas andN receive antennas, responsible
for the M data symbols

a =
h
a1[k] : : : aM [k]

i T
; (4.2)

and the N receive values
y =

h
y1 [k] : : : yN [k]

i T
: (4.3)

The channel matrix models the individual non-dispersive channelshj;i [k] between allM
transmit and N receive antennas via

H =

2

6
6
4

h1;1[k] : : : h1;M [k]
...

. . .
...

hN;1[k] : : : hN;M [k]

3

7
7
5 : (4.4)
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Figure 4.2: PDF of a Rayleigh and Rice distribution (K = 3).

4.3 Channel Model

The channel model is described in the complex baseband, where the received signal is given
as [Höh13, Ch. 13.5]

y (t) = s(t) � h(t) + n (t): (4.5)

The additive noise is modeled as a thermal process with noise power density

Rnn (f ) = N0 = kBTS; (4.6)

with the e�ective noise temperatureTS.
The fading in the channel is modeled either as Rayleigh- or Rice-fading through the

multi-path fading processf (t), which can be written as an amplitudea(t) and a phase� (t)

f (t) = a(t) � exp (j� (t)) : (4.7)

For the Rayleigh channel model, this fading process is interpreted as the superposition of
in�nitely many multi-path signals

f (t) = lim
N !1

1
p

N

NX

n=1

exp (j [� n + 2�f D n t]) (4.8)

with a Doppler shift given by f D n . The amplitude in this fading process then follows a
Rayleigh distribution with probability density function (PDF)

p(a) = 2 aexp
�
� a2

�
; a � 0: (4.9)

Here, the phase� (t) is expected to be uniformly distributed.
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Alternatively, the channel fading can be modeled as a Rice fading process, which extends
the Rayleigh fading by a line-of-sight (LOS) component, resulting in the fading process
being described as

f (t) =

s
K

K + 1
| {z }

LOS component

+ lim
N !1

1
p

K + 1
1

p
N

NX

n=1

exp (j [� n + 2�f D n t])

| {z }
Multi-path component

: (4.10)

K is called the Rice-factor and describes the power ratio between the LOS component and
the mean power of the multi-path component. The amplitude of the fading process follows
a Rice distribution

p(a) = 2 a(1 + K ) exp
�
� K � a2(1 + K )

�
� I 0

�

2a
q

K (1 + K )
�

; a � 0: (4.11)

Here,I 0 describes the modi�ed zero-order Bessel function and the phase� (t) is not uniformly
distributed anymore. In Fig. 4.2 the PDF for both channel fading processes is illustrated.

4.4 Multiple Access Techniques

A generic transmission channel can be accessed in many ways to enable MA either
to increase transmission capacity or quality for a single user or to distribute available
capacity for multiple users. Commonly, a distinction is made between time-division,
frequency-division, code-division, and space-division MA techniques. The various MA
techniques are explained in the following sections, which are closely based on [Höh13, Ch.
15.2].

Time-Division Multiple Access

Time-devision multiple access (TDMA) utilizes a time slot-based approach, where each
user or application is assigned the full available bandwidth for a given time interval. These
time slots can easily be adapted to di�erent data rates. Due to the time slotted design,
TDMA presents a higher peak power than other multiple access techniques.

Frequency-Division Multiple Access

Frequency-division multiple access (FDMA) is prominently used in many communication
systems, where each user gets assigned individual sub-bands of the channel bandwidth. It
cannot be adapted as �exibly to di�erent data rates, as the bandwidths of the sub-bands
are usually �xed. In most cases, multiple bands are allocated to individual users in order
to increase the data rates.
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Code-Division Multiple Access

Code division multiple access (CDMA) uses spread spectrum techniques to spread a former
narrowband signal via a spreading factor. This was mostly used in military communications
due to its very low spectral power density and high robustness against interference/jamming.
In radio communications this technique can also be used to separate mobile users.

Space-Division Multiple Access

Space-division multiple access (SDMA) exploits multiple antennas either at the transmitter
or at the receiver to access the channel. This way, a diversity gain can be accomplished.
This technique is generally employed in satellite or cellular communications.

4.5 Linear Modulation

In the context of digital communication, linear modulation describes the joint processes
of mapping the data bits onto a signal constellation and pulse shaping for the speci�c
transmission signal. It can be de�ned as [Höh13, Ch. 14.9]

s(t) =
X

k

a[k] � gTx (t � kT) :=
X

k

sk(t); (4.12)

mapping a complex data signala[k] onto a complex transmit signalsk(t). In most modern
applications, a multi-carrier linear modulation is employed. This is simply de�ned as the
natural extension to the single carrier de�nition via

s(t) =
1

p
Nc

X

k

N c � 1X

n=0

an [k] � gn (t � kT) :=
1

p
Nc

X

k

N c � 1X

n=0

sk;n (t); (4.13)

with time index k, the number of subcarriersNc and the k-th data symbol of the n-th
subcarrieran [k].

In linear modulation, the two process ofmapping and pulse shapingare combined. The
mapping operation is responsible for transferring the information bits onto complex signal
constellations (e.g., phase-shift keying (PSK), quadrature amplitude modulation (QAM),
etc.). In pulse shaping, a dedicated �lter is used to form the weighted Dirac pulses into a
transmission signal.

In the remainder of this work, the focus will lay on two signal constellations used for
mapping the information bits:

ˆ 2-PSK / binary phase-shift keying (BPSK) and

ˆ QAM.

These di�erent signal constellations will be compared in the multi-carrier transmission
scheme of orthogonal frequency-division multiplexing (OFDM), which serves as a very
e�cient pulse shaping scheme and is introduced in Sec. 4.5.
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Phase-Shift Keying PSK maps the information bits onto M=2 amplitudes combined
with phase values[0; � ]. The simplest form of this mapping can be found in on-o� keying
(OOK), representing a form of unipolar PSK with the mapping de�ned as [Höh13]

a[k] 2 ej2�m=M ; m 2 f 0; 1; 2; : : : ; M � 1g (4.14)

and BPSK or 2-PSK which is de�ned as the bipolar mapping withM = 2 [Höh13].

Quadrature Amplitude Modulation QAM provides a higher complexity mapping in the
complex plane. Here,M steps form theM -ary modulation via [Höh13]

Ref a[k]g 2
n
� 1=

q
2� p

M ; � 3=
q

2� p
M ; : : : ; �

� p
M � 1

�
=

q
2� p

M

o
;

Im f a[k]g 2
n
� 1=

q
2� p

M ; � 3=
q

2� p
M ; : : : ; �

� p
M � 1

�
=

q
2� p

M

o
;

(4.15)

with � M = ( M=2)2 + � M=2 and � 2 = 1.

Orthogonal Frequency-Division Multiplexing In OFDM, the impulse [Sal67]

gn (t) = exp (j2 � (n=Tu)t) � rect ((t=Tu) � 0:5): (4.16)

is used to shift the individual subcarriers in the frequency domain. This results inN
subcarriers equidistantly separated by a frequency o�set of1=Tu, with the OFDM symbol
duration Tu given by the rectangular pulse with pulse durationTu.

OFDM as a multi-carrier scheme gained interest, when [WE71] discovered the possibility
to generate an OFDM signal using an inverse discrete Fourier transform (IDFT) at the
transmitter and reconstruct the data symbols using a discrete Fourier transform (DFT) at
the receiver. This enabled the e�cient formulation of each transmit symbol as

sm [k] =
1

p
N

N � 1X

n=0

an [k] exp (j2�nm=N ) ; m 2 f 0; 1; : : : ; N � 1g; (4.17)

and the reconstructed data symbols at the receiver via

an [k] =
1

p
N

N � 1X

m=0

sm [k] exp (� j2�nm=N ) ; n 2 f 0; 1; : : : ; N � 1g: (4.18)

This processing could be improved even further by fast Fourier transform (FFT) and
inverse fast Fourier transform (IFFT) processing by settingN to a power of 2, or by
employing oversampling. Using zero padding thus increases the frequency resolution of
the FFT/IFFT. The principle of an e�cient OFDM transmitter is shown in Fig. 4.3. At
the receiver, the inverse procedure is performed to acquire the data symbols. In order to
avoid intersymbol interference (ISI), the transmit signal can be extended by a CP or by
a corresponding number of zeros [WG00]. The length of this interval should be chosen to
exceed the expected length of the channel impulse response (CIR).
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Figure 4.3: Block diagram of an OFDM transmitter with optional cyclic pre�x (CP).
The S/P block describes a serial-to-parallel (S/P) module that spreads a datastream
into a number of parallel lines andP/S performs the invers task.

Figure 4.4: Block diagram of a DFT-spread OFDM transmitter with a spreading
factor of L = 2 and an optional CP.

Discrete Fourier Transform-spread OFDM In the sequel, an extension to conventional
OFDM is used to improve the properties of the signal regarding JCAS. This procedure is
called DFT-spread OFDM and is realized by introducing an additional DFT block prior to
the IFFT at the transmitter and an additional IDFT block prior to the FFT at the receiver.
This can be used to spread the information symbols over multiple antennas to serve multiple
users. Thus, the number transmitted data symbols is reduced compared to the number
of subcarriers by a spreading factorL = N=Nt . This principle can be used to lower the
unfavorable peak-to-average power ratio (PAPR) or crest factors of conventional OFDM
signals. A large PAPR requires a power backo� to be implemented at the transmitter to
avoid clipping at the power ampli�er and corresponding signal distortions. DFT-s-OFDM
with its reduced PAPR compared to conventional OFDM has been employed in the uplink
signal of long term evolution (LTE) [MH97]. An example with a spreading factor ofL = 2
is illustrated in Fig. 4.4 utilizing only half of the available carriers for data transmission.

The subcarrier allocation can be performed in di�erent ways, o�ering di�erent properties
regarding the resulting transmit signal. The illustrated case shows an interleaved subcarrier
allocation scheme [SSBZ13], which approximately preserves the overall signal bandwidth.
This property makes this signal well suited for sensing applications, where the bandwidth
is directly proportional to the range resolution via�R = c0=(2B) [SZW09]. In interleaved
subcarrier allocation, subcarriers with index~n = 0; M; 2M; : : : are assigned to antenna 1
and subcarriers with index~n = 1; 1 + M; 1 + 2M; : : : are assigned to antenna 2, and so on.

Another allocation form can be found in block-wise allocation, assigning subcarriers
~n = 0; : : : ; N=M � 1 to the �rst antenna and ~n = N=M; : : : ; 2N=M � 1 to each additional
one. Although this schemes is much easier to implement, it reduces the signal bandwidth
by a factor of M and is thus not considered in Chapter 5.

The transmit signal of such a block-wise allocated system is given by the known OFDM
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equation from Eq. (4.17) [Mie19]

sm [k] =
1

p
N

N t � 1X

~n=0

z~n [k] exp (j2� ~nm=N) ; m 2 f 0; 1; : : : ; N � 1g; (4.19)

with the pre-spread data symbols given by

z~n [k] =
1

p
N t

N t � 1X

n=0

an [k] exp (� j2� ~nk=Nt ) ; m 2 f 0; 1; : : : ; N � 1g: (4.20)

4.6 Chapter Summary

This chapter provided the wireless communication fundamentals that are employed in
the subsequent chapters on JCAS system design. The relevant aspects of the system and
channel models were presented. Furthermore, MA techniques were discussed in combination
with linear modulation techniques that ultimately lead to OFDM and DFT-spread OFDM
waveforms. The concepts of precoding for optimizing the communication link have been
discussed as well.
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5
Joint Communication and Sensing

Systems

The need for integrating sensing functionalities into communication systems and vice versa
is driven by scarce frequency resources and increasing bandwidth requirements. Enabling
the communication system to sense its environment to match the transmit symbols to the
channel state information (CSI) can reduce transmit power requirements or improve signal
integrity. This way, rather than blindly transmitting a signal into a channel environment,
the system is able to adapt the signal to the CSI. Sensing systems, since their �rst
development in the last century primarily used for the detection and localization of large
objects such as ships and aircraft, received a commercial boost with the trend towards
driver assistance systems and ultimately autonomous driving (AD). This accelerated
miniaturization and the sharp drop in prices made the use of radio frequency (RF)-based
sensing systems commercially interesting in many areas.

The integration of communication functionalities into existing sensing systems had
already taken place beforehand. One of the �rst radar-communication (RadCom) systems
was developed in the form of secondary radars, which trigger a response from the illuminated
object and receive that response parallel to the re�ected power of a target [HW11; MW13].
Such automatically transmitted responses to incoming radar signals are also used to improve
the detection of buoys in shipping tra�c. These can identify themselves to an incoming
radar signal for better positioning of ships by modulating and returning the incoming radar
signal. This form of RadCom system increases bandwidth e�ciency by integrating the
communication channel into the radar channel, which is already in use.

The other form combining these two functions into a common system is given in terms
of a communication-radar (CommRad) system [MI14; NTDE16]. This kind originates
from a communication system with signals mainly used for communication purposes. Such
signals can also be utilized for sensing operations. One approach to this can be found in
the concept of passive radar, which utilizes such signals emitted by sources of opportunity
for sensing [CDD17].

The convergence of communication and sensor systems brings with it a number of
challenges in addition to the bene�ts in terms of bandwidth e�ciency and the optimization
of information transmission. One of the biggest challenges lies in the areas of security and
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data protection: RF-based systems are vulnerable to eavesdropping and signal jamming.
For this reason, ensuring secure and private communication is a key challenge for research.
In addition, signal processing on the transmitter and receiver side of the system � both for
communication and detection � is crucial. Finding a good basis for signal processing � in
the form of a suitable waveform � that enables both e�cient information transmission
and accurate detection is a major challenge. Ultimately, the antenna design is also
complex and must be suitable for directed communication and the most suitable coverage
area possible given the background of joint use. This brings new technologies such as
multi-mode antennas (MMAs) to the forefront of research [MSM11; MM14; MM16; JAH22;
JHPM22]. These may also be employed for direction estimation [PAZ+19; AJH24] and
beamforming [JH20].

5.1 Common System Design

As outlined above, the general idea of a common system for joint communication and
sensing (JCAS) has been around for several decades. Given the analogous methodology
employed in the design of system architectures, the implementation of a uniform approach
to the development of sensor and communication systems has consistently represented a
highly evident necessity. Increased demand for greater capacities in the logistics of goods
has decisively driven research in the areas of autonomous shipping, autonomous driving,
and autonomous aerial applications on water, on land, and in the air, respectively. In
addition, the demand for large information throughput over consequently large bandwidths
is increasing, meaning that the inherent scarcity of available bandwidth requires innovative
technological approaches. These applications are united by their need for reliable,
high-bandwidth communication, the ability to capture the system's environment to
enable safe movement and coexistence with other systems, and the possibility of precise
localization in space. In the absence of JCAS, the aforementioned requirements require the
implementation of a minimum of three independent systems. This may primarily necessitate
enhanced inter-system coordination to guarantee seamless operation. Furthermore, the
independent systems and their respective space, energy, and weight requirements must be
considered when designing their respective platforms.

This limitation has a markedly adverse impact on the implementation of a substantial
number of independent platforms for the mass market. As previously stated in the
introductory section, a signi�cant increase in autonomous platforms across various sectors
is anticipated in the future. It is imperative that these platforms be designed with the
utmost consideration for cost-e�ectiveness and energy e�ciency, in order to guarantee their
economical utilization.

In [JSG+24], the concept behind a JCAS system for aerial applications was systematically
designed1. The block diagram of such a high-level design is shown in Fig. 5.1. It is based on
recent advancements in antenna design, resulting in M3PAs as a basis for the system [GM23],
and full-digital signal processing techniques. The coordination of the three individual

1This work was supported by the results of theMaster-360 project and developed as part of the project
consortium.
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Figure 5.1: Block diagram of the proposed JCAS system as a part of the
communication and localization system for UAVs. Inter-system interference and
coupling between the di�erent antenna systems occurring traditionally (top) is avoided
by employing the JCAS unit and multi-mode multi-port antennas (M3PAs) (bottom).
Improved data fusion enhances obstacle avoidance (OA) and automatic takeo� and
landing (ATOL) processing. Figure based on [JSG+24].
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functionalities � localization, communication, and sensing � which is formerly handled by
three individual systems is now uni�ed into theJCSL Unit. This unit is responsible for
handling the frontend functionalities of all three sub-systems given a common antenna
system of M3PAs.

In this way, all functions bene�t from the common system design, as full digital
signal processing can be implemented for each function. This signi�es that the overhead
previously necessitated for the coordination of the individual subsystems and the analog
signal processing in the front end is now externalized, thereby enhancing overall e�ciency.
The system design allows greater bandwidth e�ciency to be achieved by coordinating the
subsystems in an appropriate manner. As a preliminary measure, it is feasible to employ the
signals from existing communication and localization solutions for sensing purposes. This
was demonstrated in [AJH24] with received automatic dependent surveillance-broadcast
(ADS-B) signals. As an alternative, should it be feasible to adapt or extend existing
solutions, a completely new waveform could be implemented with enhanced characteristics
for both the communication and sensing components of the JCAS system. A possible
candidate for this common waveform is analyzed in the following section.

5.2 Common Waveform Design

As illustrated in the introduction of this chapter, one primary goal of JCAS system
development is joint waveform design. This waveform should meet the requirements
of both communication and sensing applications. A promising waveform was identi�ed
in [GSM+07] in terms of orthogonal frequency-division multiplexing (OFDM) (see
Section 4.5). This waveform presents multiple advantages over other waveforms for
JCAS systems: The mutually orthogonal subcarriers can be allocated to the individual
transmit antennas and separated at the receiver without overlapping, thus ensuring that no
interference occurs between the signals. A time-domain based signal processing scheme2 for
an OFDM JCAS system is shown in Fig. 5.3. Here, the transmitted waveform is correlated
with the received symbols at the receiver to enable baseband processing of the channel
information.

OFDM o�ers an excellent spectral e�ciency as well as e�cient implementation via
fast Fourier transform (FFT) operations. Furthermore, OFDM o�ers the possibility
to generate any number of orthogonal subcarriers, which is interesting with regard to
MIMO radar applications. In particular, OFDM is scalable and can be adapted to the
requirements in the sensing domain. OFDM provides good resilience against Doppler
shifts [FNG06] and the range and Doppler domains can be processed independently and
unambiguously, as OFDM experiences no range-Doppler coupling. At the same time,
OFDM is limited in terms of the achievable range � an important property for sensing
applications. This range limitation is mainly due to the relatively high crest factors
or peak-to-average power ratios (PAPRs) of OFDM signals. This makes it necessary to
include a power backo� at the transmitter side to avoid clipping at the power ampli�er (PA).
Another large downside of OFDM signals for conventional correlation-based processing

2This is matched �ltering .
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Figure 5.2: Multiple-input multiple-output (MIMO) JCAS transceiver system
for air-to-air (A2A) or air-to-ground (A2G) communication and sensing including
cooperative point-to-point or point-to-multipoint communication signals (purple) and
non-cooperative radar echo signals (blue). Figure based on [SMH23b]©2023 by VDE
Verlag.

Figure 5.3: OFDM signal processing scheme using correlation of the received symbols
with the transmitted symbols at the receiver. Figure based on [SMH23b]©2023 by
VDE Verlag.
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Figure 5.4: System based on OFDM waveform for JCAS applications. Figure based
on [SMH23b]©2023 by VDE Verlag.

was addressed in [SZW09]. Here, the complex information-carrying symbols are processed
directly, preventing the need for correlation as the auto-correlation properties of OFDM
symbols are not ideal [LN07]. Note that in a monostatic radar setup the transmit signal
is known at the receiver side, and time-domain matched �lter based receiver processing
is usually the norm. Correspondingly, it was adopted in [GSM+07] for OFDM and in
[Mie19] for discrete Fourier transform (DFT)-spread OFDM, in order to integrate sensing
functionalities into wireless communication systems. Fig. 5.4 illustrates this processing
approach from [SZW09]. The system exploits the bene�ts of a monostatic radar system, as
the transmit waveform is fully present at the receiver. This enables the receiver to extract
the pure channel information from the received channel / target response, by removing the
information symbols via a division by the data symbols.

It has been shown that OFDM as a JCAS waveform is well suited for direction-of-arrival
(DoA) estimation, employing a frequency-domain receiver processing scheme [MPVZ19],
which is common for OFDM (and DFT-s-OFDM) based communication systems. Motivated
by this fact, the processing scheme in [MPVZ19] was adopted in [SMH23b] for
DFT-s-OFDM JCAS waveforms. The implementation of frequency-domain processing
of DFT-s-OFDM waveforms is presented in the following section. It shows that range
side lobes can be reduced signi�cantly compared to time-domain matched �ltering, by
employing suitable tapering in the frequency domain. Furthermore, by means of multiple
transmit antennas the DFT-s-OFDM scheme supports the use of MIMO radar in the sensing
domain while o�ering spatial diversity and/or multi-user operation in the communications
domain3. Correspondingly, the DFT-s-OFDM scheme represents a promising solution for
future combined JCAS systems. Thus, functionalities that have fundamentally di�erent
objectives are combined in a common system: The radar functionality with a desired wide
illumination of the �eld of view (FoV) � enabled by MIMO radar � and the communications
functionality, which requires logical point-to-point or point-to-multipoint transmissions

3By assigning up to one user per transmit antenna, depending on the spreading factor applied.

116



Figure 5.5: Transformation of the DFT-spread OFDM system into the frequency
domain to lower the average sidelobe level (SLL). Figure based on [SMH23b]©2023
by VDE Verlag.

between individual participants.

5.2.1 Peak-to-Average Power Ratio Optimization

The notation throughout this section employs the complex baseband notation. The
DFT-s-OFDM signal processing scheme illustrated in Fig. 5.5 extends the previously
discussed OFDM scheme, whereNc data symbolsx[k] are transmitted via Nc orthogonal
subcarriers. This extension is managed by a DFT spreading operation after the
serial-to-parallel (S/P) conversion block. The complex data symbolsx[k] for a dedicated
user are considered to be random and can be taken from any phase-shift keying (PSK) or
quadrature amplitude modulation (QAM) signal constellation scheme. Transmitter and
receiver signal processing for wireless point-to-point or point-to-multipoint communication
links follow the standard OFDM processing. For a particular transmit antenna, the DFT
block spreadsN t < N c information symbols across the selected subcarrier set. Altogether,
M = Nc=Nt disjunctive subcarrier sets are required forM transmit antennas (i.e., unless
otherwise speci�edL = M also represents the spreading factor).

In the following, a monostatic single-antenna or MIMO radar is assumed. Considering a
block-wise subcarrier allocation onto the subcarrier indicesk0 = 1; : : : ; Nt , the DFT-spread
signal for a particular transmit antenna would be given by

X [k0] =
1

p
N t

N t � 1X

k=0

x [k] � e� j2�k 0k=N t ; (5.1)

where the remaining subcarriers are �lled with zeros. The range resolution� R for the radar
functionality is governed by the e�ective signal bandwidthB according to � R = c0=(2B),
wherec0 denotes the speed of light in vacuum. In the case of a single transmit antenna
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(M = 1), the full signal bandwidth is exploited, which is given byB = Nc� f with
subcarrier spacing� f , which in turn is the inverse of the (DFT-s-)OFDM symbol length
without guard interval, i.e., � f = 1=TOFDM . In the MIMO case (M > 1), when the
DFT-spread data symbols are allocated block-wise onto the subcarriers, the e�ective range
resolution is reduced by a factor ofL. Alternatively, the spread data symbols may be
allocated in an interleaved fashion [SSBZ13], as illustrated in Fig. 5.5. In this case, the
data symbols are associated with the subcarriersk0 = 0; M; 2M; : : : . This interleaved
allocation (widely) preserves the overall bandwidthB and thus the range resolution, but
reduces the unambiguous range by a factor ofL.

Following the conventional OFDM signal processing, the (zero-padded)Nc data symbols
are then subjected to an inverse fast Fourier transform (IFFT) block, which yields
the discrete-time transmit symbolss[n] after parallel-to-serial (P/S) conversion. The
overall length of the signal is given byTOFDM = NcT, where T denotes the sampling
interval. Finally, the cyclic pre�x (CP) extension of the signal is employed to reduce
intersymbol interference (ISI) e�ects for the communications part. With regard to the
radar functionality, the CP length should be in line with the maximum target range
Rmax , which is the case as long asRmax does not exceed the expected delay spread of the
wireless channel4. Finally, the CP extended and digital-to-analog converted signals (t) is
transmitted, and the general received signal is given by

y (t) = s(t) � h (�; t ) + n (t) = yd(t) + n (t); (5.2)

where� denotes the linear convolution,yd(t) the desired signal at the receiver, andn (t) a
(generalized) additive noise term.

Generally, the signal-to-noise ratio (SNR) at the receiver is de�ned asSNR :=
Efj yd(t)j2g=Efj n (t)j2g, where Ef :g denotes the expected value. Considering a
point-to-point communications link between the JCAS transceiver and a dedicated receiver
(one-way propagation, cf. Fig. 5.2),h (�; t ) = hC(�; t ) denotes the channel impulse response
(CIR) (which is subject, e.g., to Rician fading), andn (t) = nC(t) denotes the additive
white Gaussian noise (AWGN) at the receiver. Regarding the (monostatic) radar setup
in Fig. 5.2 (two-way propagation),h (�; t ) = hR(�; t ) denotes the impulse response of the
(extended) target object (which is, e.g., characterized by a Swerling model, Section 2.3.1),
and n (t) = nR(t) denotes combined AWGN and clutter components at the receiver.

The received samples after analog-to-digital conversion and CP removal are subjected
to the inverse DFT-s-OFDM processing, which �rst performs an FFT to transform the
Nc received samplesy [n] into the frequency domain. At the radar receiver, the resulting
subcarrier symbols include the target object response as well as the data symbols from the
transmitter. Since in a monostatic radar system the receiver is aware of the transmitted
data symbols, it can remove them from the received DFT-s-OFDM symbol, so as to extract
the underlying target information. This is performed by dividing the received subcarrier
symbols after the FFT by the spread data symbolsX [k0] after the DFT at the transmitter,

4This assumes a CommRad system with the CP length adjusted to the largest expected delay. Another
approach could be, to adjust the CP length to the largest range of target re�ections expected by the
RadCom system to detect.
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Figure 5.6: Complex sinusoidal at the receiver after division by the (DFT-spread)
data symbolsX [k0] at an SNR of20dB with Hann taper for range sidelobe suppression.
The signals only contain channel information, and the e�ect of the spreading operation
in (b) is clearly visible. Figure based on [SMH23b]©2023 by VDE Verlag.

as indicated in Fig. 5.5. The additional subcarriers that were �lled with zeros are left
unchanged. In the case of a point-like target object, this results in a complex sinusoidal
signal across all subcarriers with a period related to the target range.

Fig. 5.6 illustrates the complex sinusoidal at an SNR of20dB for the OFDM scheme
(top �gure) and the DFT-s-OFDM scheme (bottom �gure), including a Hann taper for
range sidelobe suppression (as indicated in Fig. 5.5)5. The subcarrier symbols can now
be converted into a range spectrum with the help of an IFFT in the fast-time or range
domain. This step represents the classical range processing step in radar signal processing,
which might be followed by subsequent Doppler domain processing (in slow-time domain,
i.e., across multiple DFT-s-OFDM symbols).

Essentially, extending OFDM radar signal processing to DFT-s-OFDM requires only
one additional DFT operation at the transmitter, which is a reasonable e�ort for achieving
signi�cantly reduced PAPR values.

Simulation Results

The OFDM and DFT-s-OFDM schemes are both de�ned with the same parameters
compiled in Tab. 5.1. A spreading factor ofL = 2 is employed for DFT-s-OFDM, i.e.,
N t = Nc=2 data symbols are spread over one half of the available orthogonal subcarriers

5Relevant windowing functions for tapering are further explained in App. D
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Table 5.1: Simulation parameters used for comparing DFT-spread OFDM sensing
results with matched �ltering detection and OFDM waveforms.

Parameter Value

Number of Subcarriers 256
Subcarrier Spacing 15 kHz

Oversampling Factor 8
Linear Modulations 2-, 4-, 8-PSK

Spreading Factor (DFT-s-OFDM) 2

Figure 5.7: Example illustrating the fast-time IFFT result (range spectrum) for
DFT-s-OFDM and conventional OFDM with frequency domain processing at the
receiver. The target is located at a range ofr0 = 900 m (red) at an SNR of 20dB.
Figure based on [SMH23b]©2023 by VDE Verlag.

(the remaining subcarriers are �lled with zeros). Altogether,Nc = 256 subcarriers with
a spacing of� f = 15 kHz are used. The input datax[k] are given in terms of a random
PSK data stream with a CP of lengthTCP = 16:8µs corresponding to a maximum range
of Rmax = 2500 m. The target objects are modeled as point-like targets in the sense of the
Swerling 0 type. In the following, a quasi-static channel impulse responsehC(�; t ) = hC(� )
is assumed and a target object responsehR(�; t ) = hR(� ) = � 0(� ), where � 0(� ) denotes
the Dirac impulse. Here, a fading channel with stationary channel conditions is assumed.
Channel impulse responses between the individual transmit and receive antenna pairs are
modeled by independent and identically distributed (i.i.d.) random variables.

Fig. 5.7 shows the result of an example target object placed at a range ofr0 = 900 m
processed by both OFDM and DFT-s-OFDM signal processing using time-domain matched
�ltering at the receiver. The result is given in terms of the range spectrum output of
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Figure 5.8: Received range processing result with Hann taper applied right before
the range IFFT. Figure based on [SMH23b]©2023 by VDE Verlag.

the IFFT at the receiver for an example AWGN realization. In accordance with the
results in [Mie19] both waveforms show a similar maximum SLL in the range domain. In
comparison, for DFT-s-OFDM the sidelobes in the range domain are stretched out over a
larger area, which happens due to the spreading of the additional DFT operation at the
transmitter. Fig. 5.8 illustrates the e�ect of a tapering operation with a Hann window
applied at the receiver before the IFFT (cf. Fig. 5.5). As can be seen, in the OFDM range
spectrum the tapering function reduces the maximum SLL to about� 30dB, while for
DFT-s-OFDM the SLL can only be reduced below the� 20dB mark, which is important
for detecting smaller target objects, as these might be concealed by the range side lobes
of a larger target object. To illustrate the superiority of frequency domain processing
of DFT-s-OFDM data symbols over conventional time domain matched �ltering at the
receiver, Fig. 5.9 illustrates the range results for both cases. An example target is placed
at a range ofr0 = 900 m at an SNR of 20dB. Without tapering, the maximum SLLs
are comparable for time and frequency domain processing, while the average SLL for
frequency domain processing is smaller. As can be seen, the mentioned Hann tapering in
conjunction with frequency domain processing attains a further signi�cant reduction of
the SLLs. The e�ect of this tapering on the range processing result compared to time- and
frequency-domain processing is also illustrated by the blue line. As the data symbols are
assigned to the subcarriers in an interleaved fashion (cf. Fig. 5.5), multi-user operation is
possible for the communications part. The corresponding range processing result for the
radar part is illustrated in Fig. 5.10 for the case of two users andM = 2 transmit antennas,
where the respective subcarriers of each user are employed for attaining the range spectrum
(tapering has not been employed). As can be seen, the radar results are not compromised
by the multi-user operation in the communications part.
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Figure 5.9: Comparison between time domain (TD) and frequency domain (FD)
processing of an example DFT-s-OFDM signal with a target placed at ranger0 = 900 m
(TD signal after matched �ltering / FD signal after range IFFT). Figure based
on [SMH23b]©2023 by VDE Verlag.

Figure 5.10: Example processing for two user data streams transmitted overM = 2
antennas at an SNR of20 dB. Figure based on [SMH23b]©2023 by VDE Verlag.
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Figure 5.11: Average SLL of DFT-s-OFDM with di�erent input data modulation
schemes at an SNR of20dB with (dashed) and without (solid) tapering with a Hann
window. Figure based on [SMH23b]©2023 by VDE Verlag.

Statistical Analysis of Sidelobe Levels and Peak-to-Average Power Ratios

In addition to exemplary results for target detection in range, Monte Carlo simulation
results for the statistical evaluation of the average SLL and the PAPR are presented in
the following. With the e�ect of tapering on the SLL illustrated in Fig. 5.8, higher order
modulated input data symbols are analyzed with regard to their e�ect on the average
SLL and the PAPR in Fig. 5.11 and 5.12, respectively. For this purpose, complementary
cumulative distribution functions (CCDFs) are used. It is easy to see that tapering has a
stronger e�ect in the case of OFDM and can push the average SLL below� 35dB. In the
DFT-s-OFDM case, higher level modulations have a negative e�ect on the SLL and even
with tapering only lead to a maximum SLL of� 30dB. The increased maximum SLL in
DFT-s-OFDM, already observed in Fig. 5.7 and 5.8, can be related to the leakage e�ect
due to the additional pre-spreading by the DFT block at the transmitter. Accordingly, the
gains of DFT-s-OFDM in terms of reduced PAPR values currently come at the cost of a
reduced radar performance. Accordingly, the performance losses that result for di�erent
DFT-s-OFDM symbols must be considered against the potential gains that result from
reduced PAPR values. This analysis is presented in the following Section 5.2.2, in which a
non-linear PA model is used to analyze both the communication and sensing performance
of the waveforms. On the other hand, the PAPR resulting for DFT-s-OFDM responds well
to higher-level modulation and attains a reduction of4dB for 4-PSK or 8-PSK modulation
compared to conventional OFDM (see Fig. 5.12). As DFT-s-OFDM is able to distribute the
individual subcarriers over an arbitrary number of antennas by means of the spreading factor
L, thus generating spatial diversity, the e�ects of the change in antennas are illustrated in
addition to the e�ects of higher-order input symbols. This spatial diversity can be used for
multi-user communication by explicitly allocating individual antennas to individual users.
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Figure 5.12: PAPR for di�erent input data modulation schemes for DFT-s-OFDM
(solid) and OFDM (dashed) waveforms. Figure based on [SMH23b]©2023 by VDE
Verlag.

Figure 5.13: Average SLL for di�erent numbers of antennas at an SNR of20dB
with (dashed) and without (solid) tapering with a Hann window (2-PSK modulation).
Figure based on [SMH23b]©2023 by VDE Verlag.
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Figure 5.14: PAPR for di�erent numbers of antennas: M = 2 (solid lines), M = 4
(dashed lines) andM =8 (dotted lines). Figure based on [SMH23b]©2023 by VDE
Verlag.

Fig. 5.13 and 5.14 illustrate the e�ect ofM = 2; 4; 8 transmit antennas on the average SLL
and PAPR, respectively. Regarding the average SLL in Fig. 5.13, increasing the number
of antennas through the spreading factorL results in a more pronounced spreading of
data symbols across the subcarriers and thus a higher leakage e�ect from the main lobe
into the side lobes. Even though the tapering is able to decrease the SLL up to at most
� 28dB for an eight antenna con�guration, it still performs worse than low antenna count
con�gurations. Regarding the PAPR, a higher number of antennas has a positive e�ect.
This is illustrated in Fig. 5.14, which also includes the e�ect of higher order input symbols
combined with multiple antennas. Altogether, there is a trade-o� between PAPR and SLL
reduction, both regarding the antenna count and the cardinality of the chosen modulation
scheme.

5.2.2 Clipping Analysis

Since the main objective of using DFT-spread OFDM is to lower the PAPR to reduce the
risk of signal clipping at the transmit PA, the clipping behavior of the di�erent waveforms
is compared in the following section. For this purpose, a realistic PA with a non-linear
gain curve is simulated, which is operated at the upper limit of its optimal linear operation
point. In this way, the ampli�ed signal is distorted in the form of clipping. In a JCAS
system using the proposed processing scheme illustrated in Fig. 5.5, the clipping would
be introduced right before the transmit antenna by the transmit PA. At the receiver, the
distortion continues, where � in a monostatic JCAS system � the transmit symbols are
�ltered from the received signal to recover the channel information from the received signal.

To model the in�uences of a non-linear PA at the transmitter, which results in clipping
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Figure 5.15: Input-output curve for a non-linear PA with 0dB ampli�cation and
di�erent clipping amplitudes Ac. An ideal PA with Ac = 1 and no distortion of the
output signal is indicated as the dashed line. Figure based on [SMH25].

of the transmit signal proportional to the PAPR, the Rapp model [Rap91] is introduced.
Here, the transmit signalsm [n] gets clipped at an amplitude de�ned byAc, resulting in a
clipped transmit signal

~sm [n] = �s m [n] �

 

1 +

�
�
�
�
�
sm [n]

Ac

�
�
�
�
�

! � 1
2

: (5.3)

Di�erent saturation curves of this non-linear PA model with � = 1 and Ac 2
f� 10 dB; 0 dB; 10 dBg are illustrated in Fig. 5.15. With lower clipping amplitudes Ac

the saturation begins to take e�ect at even lower input amplitudes, resulting in a more
distorted transmit signal.

Example Analysis

The non-linear PA model introduced is subsequently employed to showcase the result of
the distortion from the higher PAPR in OFDM signals when compared to DFT-s-OFDM.
De�ning the clipping amplitude of the PA with regard to the average signal power results
in a comparable performance measure for conventional OFDM and DFT-spread OFDM
signals. In this analysis, the transmit signals are normalized to unitary signal power to
directly apply the clipping amplitude. A system with a single transmit antenna was chosen,
with the individual transmit symbols being distributed using the spreading operation in
DFT-s-OFDM with a spreading factor ofL = 2. In order to obtain the bandwidth and thus
the range resolution of the system, the interleaved subcarrier allocation scheme introduced
in Section 4.5 is employed. For better comparability between both waveforms, the identical
transmit symbols were transmitted in OFDM.
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(a) DFT-s-OFDM transmit signal power (b) DFT-s-OFDM range pro�le

(c) OFDM transmit signal power (d) OFDM range pro�le

Figure 5.16: Comparison between DFT-s-OFDM and conventional OFDM with
clipping (green) and without clipping (red) of the transmit signal at the non-linear
transmit PA with Ac = 5 dB which translates to a level of3:1623in linear scale. Prior
to distortion by the PA both transmit signals are normalized to unitary average signal
power. A single target is simulated as a re�ecting surface.
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Table 5.2: Parameters of the Monte-Carlo simulation for comparing the bit error
rate (BER) and the average SLL under the in�uence of a non-linear PA.

Parameter Value

Number of Simulations 10 000
SNR Range � 50 dB to 50 dB

Number of Subcarriers 1024
Subcarrier Spacing 15 kHz

Oversampling Factor 8
Linear Modulation 8-PSK

Spreading Factor (DFT-s-OFDM) 2

In Fig. 5.16, a comparison between both waveforms is presented. The plots show
a comparison between an ideal PA and non-linear e�ects of the non-linear PA at the
transmitter ((a) and (c)), after propagation in the channel and subsequent calculation of
the range pro�les ((b) and (d)). The higher PAPR of the OFDM waveform results in a
larger proportion of the transmit symbols a�ected by clipping. With DFT-s-OFDM, fewer
signal peaks are clipped. Here, one would expect the distortion of the received signal to
be signi�cantly lower. A single target is simulated at the same position for each waveform,
which re�ects the transmitted signals back towards the receiver without any in�uence
from AWGN in the sense of a noise-free environment. The received signal undergoes the
processing steps introduced in the previous section to generate a range pro�le. The average
power (leaving out the main lobe where the target is present) is determined and designated
as the average SLL. With the help of this average SLL, the quality of the signal at the
receiver can be speci�ed for the range estimation of the targets. Clipping at the transmitter
causes severe distortion to the OFDM signal, which is re�ected in a signi�cant increase
in the sidelobes and noise �oor compared with the undistorted signal in the range pro�le.
The DFT-s-OFDM waveform on the other hand also experiences clipping, but not as much
as the OFDM signal. As a result, the sidelobes and the noise �oor are also increased, but
to a lesser extent in relation to the OFDM signal. The example shown in Fig. 5.16(b)
and (d) shows a di�erence of approx. 5dB between OFDM and DFT-s-OFDM. This
e�ect is contingent upon the selection of an appropriate clipping threshold on the PA, such
that the DFT-s-OFDM signal is only minimally a�ected by the distortion. With smaller
clipping amplitudes, the OFDM signal demonstrates enhanced resilience, maintaining a
comparable average SLL. Consequently, OFDM is demonstrably more resilient against
clipping than was previously anticipated, given that the PAPR is considerably larger than
that of DFT-s-OFDM.

Statistical Analysis

For a more general analysis of the reaction of the individual waveforms to clipping, two
numerical parameters can be determined using Monte Carlo simulations for di�erent noise
levels: On one hand, the BER stands for the communication performance of the signal and
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its robustness against the in�uence of distortion. In addition, the average noise level in the
range pro�le or average SLL can be determined for di�erent target positions to indicate the
performance of the waveform in relation to the sensing functionality. These two parameters
are evaluated for SNR levels between� 50dB and 50dB for the aforementioned case of a
single-input single-output (SISO) system with a single target and an AWGN channel. At
the receiver, a tapering operation using a Hann window is applied prior to generating the
range pro�le. The parameters of this simulation are summarized in Tab. 5.2.

For a Monte Carlo simulation of a single stationary target (Swerling 0) at 10 000random
positions in the FoV of the JCAS system for each SNR value, Fig. 5.17 shows the average
BER for an ideal PA and a PA with a clipping amplitude ofAc = 9 dB � 2dB. The average
BER is determined using a maximum likelihood (ML) estimator for the employed linear
8-PSK modulation scheme. The simulation is based on the assumption that the receiver has
full knowledge of the channel, which allows for an ideal equalization process. Consequently,
it is possible to obtain a detailed understanding of the impact of the non-linear PA on the
overall system. As expected, based on the previous examples, the in�uence of the clipping
at the transmitter impacts the information recovery at the receiver. With larger distortion
in the transmit signals, less symbols are successfully recovered at the receiver. This is
especially true for OFDM where a clipping amplitude ofAc = 5 dB already in�uences the
transmit symbols.

One last measure to distinguish the performance of OFDM and DFT-s-OFDM can be
shown with regards to the CCDF of the average SLLs under the in�uence of di�erent
clipping amplitudes at the transmitter. This shows the susceptibility of each waveform to
the in�uence of an universal clipping amplitude at a non-linear PA. For this matter, the
PA from Fig. 5.15 with 0dB ampli�cation is employed with variable clipping valuesPc.
Fig. 5.18 illustrates the e�ect of the clipping of the PA on the SLLs given the CCDFs for
both waveforms. This illustrates the relative frequency of average SLLs over the course of
clipping levels on the non-linear PA. Starting at the right side for e�ectively no clipping
with Ac = 6 dB, OFDM maintains more than 3dB lower average SLL compared with
DFT-s-OFDM. This advantage ultimately provides OFDM with a competitive advantage.
Both waveforms demonstrate an increase in average SLL in response to PA clipping, with
OFDM reacting at approx. 6dB and DFT-s-OFDM at approx. 3dB. However, the average
SLL exhibits a linear change, which preserves the fundamental advantage of OFDM.

5.3 Chapter Summary

This chapter introduced the concept of JCAS and the associated higher-level common
system design approach. The potential applications of JCAS and the various subtypes of
JCAS systems were presented, with examples including RadCom and ComRad systems. It
was demonstrated that a joint system design can enhance the overall performance of the
system. A thorough investigation of the DFT-s-OFDM waveform was conducted, providing
a comprehensive understanding of its characteristics and implications. The e�cacy of
this approach in mitigating the PAPR in conventional OFDM-based radar systems was
substantiated, along with the enhancement of the average SLL when compared to matched
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Figure 5.17: Comparison of the BER at the receiver between DFT-s-OFDM (solid
lines) and conventional OFDM (dashed lines) in a SISO con�guration with an ideal
PA and a non-linear PA with a clipping amplitude ofAc = 9 dB � 2dB. The black
line visible in Ac = 2 dB represents the BER forAc = 1 .
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(a) OFDM

(b) DFT-s-OFDM with spreading factor L = 2

Figure 5.18: CCDFs of the average SLL for relative clipping valuesAc of the
non-linear PA at the transmitter. Simulations are performed at an SNR of15dB.
Both waveforms react to the clipping applied at the transmitter with an increase
in average SLLs. Nevertheless, conventional OFDM still manages to outperform
DFT-s-OFDM by about 3 � 6 dB in resilience to clipping at the non-linear PA.
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�ltering at the receiver. It has been demonstrated that DFT-s-OFDM can serve as a
valuable replacement for conventional OFDM, simultaneously reducing the PAPR and
opening the application to multi-user or multi-antenna scenarios, which are crucial for the
envisioned JCAS applications. It has been demonstrated that DFT-s-OFDM can serve as
a valuable replacement for conventional OFDM, simultaneously reducing the PAPR and
opening the application to multi-user or multi-antenna scenarios, which are crucial for the
envisioned JCAS applications. Finally, a comparison of the clipping behavior between the
DFT-s-OFDM waveform and a conventional OFDM-based waveform for JCAS has been
presented. It has been demonstrated that DFT-s-OFDM displays enhanced resilience to
non-linear PA. This enhanced resilience can be attributed to the reduced PAPR, which
necessitates a smaller clipping amplitude of the PA before the signal undergoes distortion.
Consequently, the DFT-s-OFDM waveform exhibits an advantage in terms of BER at the
receiver. Conversely, no discernible bene�t was observed for this speci�c waveform in terms
of sensing performance, as measured by the average SLL. Notwithstanding, OFDM retains
its superiority, albeit with an augmented sensitivity to distortions.
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6
Application to Urban Air Mobility

The evolution of urban air mobility (UAM) represents a transformative development
in aviation, promising to revolutionize, how we think about transportation in densely
populated urban areas. This shift demands new approaches to aircraft design and system
integration. Traditional aircraft rely on multiple independent systems, such as airborne
collision avoidance system (ACAS), automatic dependent surveillance-broadcast (ADS-B),
and global navigation satellite systems (GNSS), each designed to support the pilot in
executing speci�c tasks. However, the unique challenges posed by UAM � such as increased
airspace usage, the need for automation, and the miniaturization of platforms � necessitate
a comprehensive re-evaluation of these systems [TAB+18]. This chapter delves into the
critical role of radar processing techniques, particularly joint communication and sensing
(JCAS) systems, in enabling safe and e�cient UAM operations. As we move beyond
the limitations of conventional aviation systems, the integration of communication and
sensing into a single, cohesive system o�ers the potential to overcome the signi�cant
challenges posed by UAM [ZRW+22]. Besides automatic takeo� and landing (ATOL),
these developments will also introduce new maneuvering methods that will enable vertical
takeo� and landing (VTOL) and vertical avoidance maneuvers in the air [Cok20; RBPA18].

Fig. 6.1 illustrates such envisioned UAM scenario. UAM is introduced as a mode for
freight logistics and personal transport using small autonomous aerial vehicles (AAVs)
and unmanned aerial vehicles (UAVs). Concurrently, all transportation systems are being
integrated into a uni�ed network with the objective of enhancing operational e�ciency and
safety through the implementation of advanced automation technologies. This networked
infrastructure necessitates the availability of highly reliable communication and sensor
systems. Automation systems facilitate the secure and dependable coexistence of diverse
platforms and vehicles within con�ned spaces. This is achieved through the integration
of e�cient JCAS systems that enable simultaneous communication with and detection
of the surrounding environment [PCB16]. To enable this high degree of automation, the
use of remotely-piloted aircraft system (RPAS) that are controlled from a remote piloting
location (RPL) is necessary. The increasing density of air tra�c and the expansion of
urban applications are driving the need for highly integrated and energy-e�cient systems
capable of supporting the complex operational demands of UAM. The hardware systems
on UAM vehicles must be designed not only for optimal functionality, but also for e�cient
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Figure 6.1: Envisioned urban environment with multi-modal transport solutions on
the streets, in water and in the air. The focus is on novel �ight platforms that can
perform vertical maneuvers and the resulting higher density of airspace participants.
These platforms must possess the capacity to perpetually assess their surroundings,
thereby facilitating the identi�cation of obstacles and other airspace participants.
Furthermore, e�ective communication is essential for the success. This objective is
realized through the implementation of a JCAS system.
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use of space and weight, ensuring that all components are strategically placed to minimize
interference and maximize performance [PTS+18; ZLEW19].

In designing an e�ective JCAS system, several key considerations must be addressed
to ensure that the system can simultaneously support high data rate communication and
precise sensing of the aircraft surroundings. This chapter will explore these considerations
in detail, beginning with the hardware system design and placement inside and on the
fuselage of UAM vehicles such as AAVs and UAVs [BR21]. Proper design and strategic
placement of components are essential, while still contributing to the overall e�ciency and
safety of UAM platforms.

A crucial aspect of JCAS system design is transmitter communication signal processing,
which includes the selection of appropriate modulation types and channel coding schemes
to ensure robust and e�cient data transmission. The choice of waveform is also critical,
with orthogonal frequency-division multiplexing (OFDM) or discrete Fourier transform
(DFT)-spread OFDM emerging as promising candidates due to their ability to balance
the needs of both communication and radar sensing [ZW23]. This topic has been
extensively discussed in Section 5.2. The transmitter frontend design must account for
real-world challenges such as the non-linearity of power ampli�ers (PAs) and the use
of IQ-mixers, ensuring that the transmitted signal remains stable and reliable. The
in�uence of non-linearities in the transmit chain has been discussed in Section 5.2.2.
Equally important is the design of antennas for both transmission and reception. While
conventional uniform linear arrays (ULAs) and uniform rectangular arrays (URAs) o�er
well-understood bene�ts, the exploration of unconventional, randomized array architectures
may provide new opportunities to enhance system performance, particularly in complex
urban environments [LC21]. An evaluation of di�erent antenna array types was done in
Section 3.2. The channel model used in JCAS design must also account for both one-way
communication channels and two-way radar echo channels, as the interaction between these
channels signi�cantly impacts the overall system performance.

On the receiver side, the frontend design must include high data rate
analog-digital-converters (ADCs) capable of handling the large volumes of data generated
in UAM scenarios. The subsequent receiver-side communication signal processing must be
optimized to manage these high data rates e�ectively, ensuring that critical information is
transmitted and received with minimal delay or loss. The radar component of the JCAS
system is equally critical, with radar signal processing focusing on accurate determination
of range, Doppler, and direction-of-arrival (DoA) information [FNG06]. One approach
to achieving this optimization is through the use of compressive sensing (CS) techniques,
which can enhance the performance of radar systems by reducing the amount of data
required for accurate sensing. This chapter will discuss, how CS can be applied to radar
systems in UAM, enabling more e�cient use of computational resources and improving
the accuracy of sensing in environments with high levels of interference and signal clutter.

Various radio frequency (RF) systems will have to be installed on each AAV to attain
these objectives � and to enable interaction with other airspace participants, either
cooperatively via corresponding communication transponders or in an uncooperative
fashion via detect and avoid (DAA) systems. DAA systems in particular will largely
consist of multi-panel radar systems that are able to scan the airspace surrounding each
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AAV for other participants and obstacles in real time. Conventional aircraft are mostly
limited to horizontal �ight maneuvers and therefore only need to observe the �eld of view
(FoV) directly in front of the aircraft. Novel AAVs, on the other hand, are able to perform
vertical movements or hover in the air. Therefore, a radar system that provides360�

coverage of the entire volume around the AAV platform is required [JPL24]. This is an
additional requirement, which is in line with the extended reliability and safety measured
mandatory for automated systems and which increases the number of radar panels required
to achieve this.

This chapter will delve into the speci�cs of JCAS system design, using remotely piloted
aircraft systems as a case study. The example will illustrate, how JCAS can be optimized
for both communication and sensing, ensuring reliable data transmission and accurate
situational awareness in the crowded urban airspace. By leveraging common antennas
and frontends, and utilizing optimized waveforms, the envisioned JCAS system aims to
provide a robust solution for UAM, capable of supporting the high precision and reliability
required in this emerging �eld [MWX+24; MHWL22]. In Section 6.1, a simulation study is
presented which shows the considerations necessary for the design and implementation of
a JCAS system on board a novel aircraft platform. In this section, particular emphasis is
placed on the collaborative design of the platform itself and the placement of the antenna
components of the JCAS system, facilitating a coherent approach with minimal interference.
The results of a measurement study for CS-based sensing in an UAM environment are
presented in Section 6.2. Finally, a common system design for a JCAS system based on
a combined OFDM and DFT-spread OFDM waveform is presented in Section 6.3. The
results from the preceding chapters are integrated and evaluated for the application of a
RPAS controlled via a RPL.

6.1 Integrated Vehicle and System Design

UAM requirements and selected design decisions discussed in the sequel have been adopted
from the Master-360 project. One of the key optimizations identi�ed in the development of
JCAS systems was the simultaneous and joint design of the RF system and the platform.
This approach allows for the optimization of the platform in a manner that is informed by
an understanding of the requirements of the RF system. Traditionally, this process has been
conducted in two distinct stages: �rst, the platform is adapted to align with the functional
requirements of the platform itself, and then, the two components are integrated. The joint
approach, however, enables the simultaneous achievement of both steps, facilitating the
early identi�cation of potential optimization opportunities and challenges. In [SMH23a],
this method was assessed using a simulation model based on physical optics (PO) to jointly
optimize the platform structure and the integration of the RF system within the platform.

A signi�cant in�uence on radar performance is caused by the clutter originating from
surrounding scattering surfaces that are of no particular interest for the DAA system.
Re�ections from scattering surfaces have a negative e�ect on the range- and angular
resolution of a radar system in a certain direction and can even cause blind spots within
the FoV resulting in performance degradation. In particular, in the case of close-proximity
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Figure 6.2: Example UAM platform from Master-360 project. Figure based
on [SMH23a]©2023 by the German Institute of Navigation (DGON).

backscatterers, a large amount of energy is re�ected towards the receiving radar antenna.
This can lead to clipping e�ects at the receiver and thus to a further reduced DAA
performance. A signi�cant portion of clutter can be caused by structures found on the own
aircraft platform, on which the radar is installed, resulting in self-interference (ownship
clutter). Furthermore, structural elements of the platform can cause shadowing of certain
regions of the FoV. This e�ect becomes even more apparent when transmit beamsteering
methods are used to pre-focus the transmit energy for increasing the range of the radar
system [SMH22]. Although this technique enables the illumination of certain regions within
the FoV by means of a directional array gain, sidelobes may pose a challenge.

All of these in�uences can be characterized in a computer simulation using a �nite-element
method (FEM) [TKDA04] or PO simulations [Wei06; Smi13]. The results of such
simulations allow conclusions to be drawn about the e�ects of the design of the platform
and the placement of the radar sensors on the propagation behavior of RF waves and the
resulting radar performance. Here, PO can bridge the gap between microscopic interactions
of RF waves with surfaces and the computationally extensive simulation of real-world
scenarios, for example via FEM. FEM simulations have the drawback of signi�cantly
increased computational complexities when transitioning to shorter wavelengths, larger
structures, and more complex architectures. Recent research has therefore used PO for
target radar cross-section (RCS) modeling [ZZLW17] instead.

As an example, the following numerical simulation presents results from estimating the
electro magnetic (EM) backscattering from the platform model introduced in Fig. 6.2.
The system model for calculating the PO interactions is presented in Appendix C. The
triangular representation of the model consists of an overall amount of139086triangles.
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Figure 6.3: Illustration of the employed antenna array formation in the nose of the
platform shown in Fig. 6.2. Figure based on [SMH23a]©2023 by the German Institute
of Navigation (DGON).

Figure 6.4: Example orthogonal ULA on an UAM platform. Figure based
on [SMH23a]©2023 by the German Institute of Navigation (DGON).

The DAA system uses six radar panels for covering the surrounding of the AAV platform,
that are mounted in the nose of the central fuselage and at the back. A detailed view on
the panel con�guration in the front of the fuselage is shown in Fig. 6.3. Every panel is
equipped with the same number of transmit and receive antenna elements. The employed
radar antenna arrays consist of four transmit and four receive elements each, which are
aligned in a cross-ULA con�guration to allow for two-dimensional DoA estimation in
azimuth and elevation via a multiple-input multiple-output (MIMO) approach. The two
ULAs and the resulting virtual antenna aperture (VAA) are illustrated in Fig. 6.4. The
inter-element spacing in both arrays is� =2. The radar transmits at a center frequency of
f c = 10 GHz employing a transmit power ofPt = � 20 dBm from each antenna panel.

All radar antenna arrays use electronic beamsteering on the transmitter side to increase
the range of the system, employing three distinct steering directions in azimuth. The
assumed array gain patterns are shown in Fig. 6.5. The material of the platform is a
non-magnetic composite material with dielectric properties given by its relative permittivity
� r = 4. Composite materials o�er favorable strength-to-weight ratios, good corrosion
resistance, and thermal insulation properties which make them well-suited for the use in
AAV constructions. Additionally, composite materials o�er increased design �exibility,
improved fatigue and impact performance. Dielectric properties govern the amount of RF
energy transmitted into the composite medium and re�ected back from its surface for each
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Figure 6.5: Assumed array gain patterns of the transmit antenna arrays (azimuth
plane) with electronic beamsteering directions given by� 20� , 0� and 20� for a
four-element ULA with � =2 inter-element spacing. Figure based on [SMH23a]©2023
by the German Institute of Navigation (DGON).
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Figure 6.6: Cumulative power distribution on the surface of the AAV platform for the
given array con�guration. Figure based on [SMH23a]©2023 by the German Institute
of Navigation (DGON).

ray.
The simulation model is parameterized to emit218 rays per radar panel which then

interact with the visible region of the platform (the region not shadowed by other parts
of the platform). The FoV of each radar panel is assumed to be the front half-space with
azimuth and elevation angles between� 90� . Ray tracing includes multi-path propagation
and is performed in four iterations.

Fig. 6.6 shows the platform surfaces highlighting radar backscattering calculated via ray
tracing. The power induced into the surface of the platform is represented by the color of
the triangular patches on the surface. The simulations show that the analyzed platform
architecture only results in a small backscattering contribution to each radar array. The
largest received power is collected at the horizontal panels which are horizontally tilted
by 60� towards the sides of the platform. Here the secondary fuselages scatter a notable
amount of energy back towards the antenna arrays. Based on the received self-interference
power at each radar array, a signal-to-interference ratio (SIR) can be calculated for a given
intruder aircraft with RCS ! 0 and ranger0, while the desired received power associated
with the intruder echo signal is determined via the radar equation, according to

PRx =
PTx GTx GRx ! 0� c

2

(4� )3 r0
4

; (6.1)

whereGTx and GRx denote the transmit and receive antenna array gain, respectively, in
the direction of the intruder. Figure 6.7 shows the received power at the radar array
compared to the interference power originating from the own platform. For the assumed
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Figure 6.7: Interference power as received by the radar array. Figure based
on [SMH23a]©2023 by the German Institute of Navigation (DGON).

composite material, the self-interference power from backscattering, which depends on the
particular radar panel and its orientation, attains its maximum at Pi = � 149dBm (for
the horizontally tilted arrays). This would result in problems regarding the detection of
intruders with an example RCS of1 m2 at ranges above630 m(taking the 0 dB SIR point
as an example). Depending on the relative velocity between the platform and the intruder,
this could lead to dangerous situations, especially in head-on collision courses.

As a bene�t, the simulation allows to investigate dedicated changes regarding the
materials used in the surface model. When the main re�ection points of the radar-panels �
namely the two secondary fuselages � are coated with a radar absorbing material (RAM),
the backscattered power can be reduced accordingly. Such RAM could be given, for
example, by a carbon nanotube coating. When the secondary fuselages are assumed to be
coated with a RAM featuring a relative permittivity as small as� r = 1:5, the interference
power can be reduced to a maximum ofPi = � 174dBm. Reducing the interference power
thus improves the SIR, and the critical range for intruders with an RCS of1 m2 extends
to over 2700 m. This ensures that intruders are detected in time at greater distances,
which therefore enables a safer AAV operation with timely evasive maneuvers. The above
results showcase, how system-level simulations can signi�cantly improve system design
considerations and avoid performance bottlenecks at an early stage.

6.2 Urban Air Mobility Sensing Performance Improvement

In the following, measurement results from an urban environment are presented, which
were obtained using an frequency-modulated continuous-wave (FMCW) radar based on an
ULA [SMM+23]. Here, a comparison was presented between two di�erent DoA estimation
techniques: a common approach based on conventional beamforming (BF) and a CS
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Figure 6.8: FMCW MIMO array with three transmit and four receive antenna
elements in the physical array (top), which results in a twelve element virtual array
(bottom). The transmit elements are oriented in both azimuth and elevation direction
to form a two dimensional (2D) virtual array, capable of estimating the DoA of a
target in both angular dimensions � azimuth and elevation.

Table 6.1: Parameters of the measurements conducted with the physical radar system
Texas Instruments IWR1443BOOST[Tex25].

Parameter Value

Available Frequency Range 76 GHz-81 GHz
Bandwidth 2851:03 MHz

Chirp Duration 114µs
Sampling Frequency 15 MHz

Output Power 21 dBm
Max. Antenna Gain 10:5 dBi

approach. The underlying array geometry is illustrated in Fig. 6.8 and consists of three
transmit and four receive antenna elements. Through MIMO signal processing, the array
can be virtually enlarged to form the presented virtual array, consisting of a maximum
of twelve virtual antenna elements. The measurements discussed here, only consider
data recorded in the azimuth dimension. Therefore, only transmit antennas Tx1 and
Tx 3 were used for MIMO signal processing and the virtual aperture only consists of the
bottom row of antenna elements. Nevertheless, this method doubles the antenna element
number in this angular dimension and therefore increases the theoretical angular resolution.
The hardware speci�cation of the employed physical radar systemTexas Instruments
IWR1443BOOST [Tex25] is presented in Tab. 6.1.

Fig. 6.9 shows a photograph of the urban environment where the measurement was
conducted. In Fig. 6.10, the same measurement scenario is illustrated, showcasing the
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Figure 6.9: Photograph of the urban environment where the measurement was
conducted. The approximate measurement position is indicated by the red dot, and
the reference distance from the opposing building is marked as well.

Figure 6.10: Measurement scenario for DoA estimation with an FMCW MIMO
radar in an urban environment. The distance between the radar location at the center
of the circles and the opposing building was determined with a laser device. The
measurements were conducted at a height of approx.20 m above street level and
are marked as the red line with a length of46 m. The radar boresight direction is
illustrated by the red arrow. Figure based on [SMM+23]©2023 IEEE.
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surrounding buildings and various heights. Measurements were conducted at a height of
� 20 m above street level and the radar was pointed towards a neighboring building as
illustrated by the red arrow. To establish a �rst measured value, the distance between two
building was measured using a laser device. Furthermore, a light detection and ranging
(LiDAR) sensor served as a ground truth for the radar signal processing. This allowed a
direct comparison between the LiDAR results and the estimation results from the radar
regarding angular positions in its FoV.

The measurements were obtained with the radar and LiDAR sensor oriented towards
building �B1� in Fig. 6.10. This way, the radar was able to record re�ections from multiple
surfaces within the FoV. For each covariance matrix(2.59) used for conventional digital
BF DoA estimation, one frame with 128 chirps was used. These chirps were also coherently
integrated for the CS-based DoA estimation approach, given by the orthogonal matching
pursuit (OMP) algorithm, resulting in a common integration time of � 14:6ms. The
angular grid in azimuth direction was de�ned as a uniform grid between� 65� with 0:25�

grid spacing, and for each �nal image 25 frames were integrated. Since the CS algorithm
must be parameterized with the number of expected targetsK per range cell, extensive
testing was performed which showed thatK = 4 gave the best results, corresponding to the
number of physical receive antenna elements. The dynamics of the measurements in the
areas of high backscatter power were relatively low, as many re�ecting surfaces occupied
the FoV. Fig. 6.11 illustrates the OMP and conventional digital BF DoA estimation
results side by side. The CS image exhibits higher overall signal dynamics than the digital
BF-based approach, as onlyK = 4 grid points per range cell in each frame are allowed
to contain a target. This results in a sparse measurement for each range cell � yet, the
overall image yields an excellent overview of the entire recorded scene. Compared with the
dashed red lines illustrating the LiDAR sensor measurements that were projected onto the
radar image plane, the CS-based DoA estimation scheme is able to detect and locate the
important structures within the FoV, whereas the digital BF approach only highlights large
re�ecting surfaces. Fig. 6.12a again shows the CS DoA estimation results with six regions
highlighted. These regions can be referenced in Fig. 6.12b, where the same regions are
highlighted on a satellite image. As expected from a radar system, large metal structures
are well detected. Additionally, the solid buildings within the FoV are detected as well.
Interestingly, the radar is able to even detect a street light post at a range of� 46 m using
a transmit power of only12dBm. The relatively slow update interval of� 2:7Hz makes
the current approach only suitable for slow moving platforms in UAM. The update rate
might be increased by decreasing the number of integrated chirps per frame prior to the
CS step and/or by decreasing the number of integrated frames per image (for the visual
impression). Additional trials showed that the visual impression degrades gracefully, even
if the number of integrated frames is reduced by a factor of 10. This allows for a simple
method to increase the update rate of the radar results (in this case, to a value of� 6:9Hz).
(Part of) the reduced integration gain could be compensated by increasing the transmit
power level. Moreover, the robustness of target detection might be improved by allowing
di�erent settings for the detected number of targets,K , in the OMP algorithm, possibly
in the form of parallel processing using a suitable combining scheme.

Finally, it was shown that CS can be used as a technique to reduce the amount of data
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(a)

(b)

Figure 6.11: Measurement taken from the illustrated setup in Fig. 6.10. DoA
estimation results based on (a) CS OMP and (b) conventional digital BF. The LiDAR
measurements and satellite photographs were used to mark the red lines, as ground
truths. Furthermore, the FoV of the LiDAR sensor is shown as gray lines. Figure
based on [SMM+23]©2023 IEEE.
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(a)

(b)

Figure 6.12: OMP radar image with points of interest (a) and satellite image with
the same areas highlighted (b). The red markers show (large) metal structures, the
green markers show detected buildings, and the white marker shows trees. The FoV
of the LiDAR and the radar boresight direction are given by the dashed gray lines.
Figure based on [SMM+23]©2023 IEEE.
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necessary to reconstruct a radar scene. The measurements have shown that � besides
traditional sparse scenarios with only few target objects present within the FoV � even
complex urban scenarios with pronounced clutter and noise pro�les can be reconstructed
using a suitable CS algorithm. Resulting radar images provide a good basis for situational
awareness in future UAM scenarios � possibly complementing optical sensors like LiDAR.
In fact, the present experimental study used a relatively small MIMO radar system with only
two transmit and four receive antennas aligned in azimuth and still achieved a convincing
imaging performance. Given the improved signal dynamics within the radar image, shorter
integration times and more frequent update intervals or more robust target detection may
be attained.

6.3 Common Joint Communication and Sensing System
Design

In a �nal study, the results of the investigations from Chapter 3 on DoA estimation using
CS methods combined with the introduced JCAS techniques from Chapter 5 are presented.
To this end, an application example from UAM for a JCAS system to be developed will
be used as a basis, which was published in [SMH25]. It is an established fact that the
complete automation of air tra�c with autonomous systems is not yet a viable option at this
time. Consequently, the consideration is being given to the implementation of provisional
measures in the form of interim solutions for the operation of aircraft. These systems must
possess the capacity for sensing and communicating with the surrounding environment and
other aircraft. However, these systems are not designed to function autonomously or make
independent decisions. Instead, the responsibility for decision-making could be assigned to
a pilot based at a remote facility who would have control of multiple aircraft simultaneously,
thereby increasing e�ciency by eliminating the need for a pilot to be physically present on
each vehicle.

6.3.1 System Description

The scenario considered in this section can be closely related to the ongoing trend of
UAM [TAB+18]. A MIMO antenna array enables a wide illumination of the surrounding
environment and receives information of obstacles in the �ight trajectory through the radar
echos. Simultaneously, a communication link between a UAV1 and other participants �
either in the airspace or on the ground, e.g., as an RPL � is established to communicate
the UAV position and route or command the aircraft. Here, a UL for information reception
at the UAV and a DL for information transmission is distinguished. The UAV is equipped
with a JCAS system able to ful�ll all needs of sensing and communicating the sensed
information back to the piloting location and simultaneously communicating with other
airspace participants. To further increase reliability of transmission of information to

1Throughout this section, the term UAV is used as a general notion comprising RPAS, fully autonomous
aerial vehicles, and corresponding hybrid solutions.
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Figure 6.13: Example scenario of an RPAS controlled via a bidirectional
communication link from a RPL while simultaneously sensing the environment. The
radar echos are received by the JCAS system and transmitted in the next time slot to
the RPL. It is imperative that the position of the RPL be within the FoV of the JCAS
antenna to guarantee the connection of the downlink (DL) signal at the RPL. To
ful�ll this necessity, a multiple antenna array may be strategically positioned around
the fuselage of the RPAS. Reception of the uplink (UL) piloting information from the
RPL might be implemented by an additional omnidirectional receive antenna. Figure
based on [SMH25].
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the RPL, the MIMO array can be used to employ precoding mechanisms at the JCAS
transmitter. For reception of the command signals from the RPL, di�erent forms of diversity
can be employed. The RPL can be equipped with a relatively simple communication
transmitter and receiver, capable of receiving the JCAS signals and transmitting piloting
commands to the UAV. It is imperative that the position of the RPL is within the FoV
of the JCAS antenna to guarantee the connection of the downlink signal at the RPL. To
ful�ll this necessity, a multiple antenna array may be strategically positioned around the
fuselage of the UAV. Reception of the uplink piloting information from the RPL might be
implemented by an additional omnidirectional receive antenna.

The considered example scenario of a UAV being remotely piloted is illustrated
in Fig. 6.13. The JCAS system aboard is used for communication with the RPL,
receiving piloting information in the uplink and sending a situational overview in the
downlink. DFT-spread OFDM is used as a waveform for the JCAS system to enable
both functionalities and is compared to OFDM in Section 6.3.4. The MIMO DFT-spread
OFDM system consists ofM transmit (Tx) and N receive (Rx) antenna elements, both
in a ULA with an inter-element spacing ofdTx and dRx , respectively. In the radar case,
the M + N physical antenna elements combined with MIMO processing yield a virtually
increased receive antenna array comprisingMN elements which is achieved based on
mutually orthogonal transmit signals [LS08]. In the communication case, theM physical
antenna elements at the UAV andN = NRPL physical antenna elements at the RPL are
assumed.

A number of Nc subcarriers is used for each (DFT-s-)OFDM symbol in the OFDM
system, where, for simplicity,Nc is a power of 2 and dividable byM . The subcarrier
spacing is given by� f and can be adjusted to o�er a certain Doppler resilience, which
in turn results in an OFDM net symbol length of TOFDM = 1=� f . An illustration of a
monostatic two-antenna system on the JCAS platform (M = 2) is presented in Fig. 6.14.
Here, both the radar and the communication channels are shown, where for the sensing
mode the transmitted signal gets received by the receiving antenna array after propagation
and re�ection at obstacles within the radar's FoV, which enables angle-of-arrival (AoA)
estimation at the JCAS platform. As can be seen, the major part of the overall signal
processing chain is identical for the sensing and the communication mode (marked by
�JCAS� in Fig. 6.14). Compared to the conventional OFDM processing scheme, the block
diagram contains an additional DFT operation at the transmitter, which leads to a reduced
peak-to-average power ratio (PAPR) by spreading data symbols across Tx antennas and
corresponding subsets of OFDM subcarriers. Correspondingly, an inverse discrete Fourier
transform (IDFT) is required at the receiver in the communication mode, which applied
in time domain for each received OFDM symbol. To further improve on the systems
angular resolution for the sensing mode, additional antenna elements can be implemented
at the transmitter and/or the receiver side, e.g., by extending the interleaved subcarrier
distribution scheme.
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The communication link between the JCAS-equipped platform and an RPL in the
downlink is established via a conventional (MIMO-)DFT-spread OFDM link. Spatial
diversity in form of multiple transmit antenna elements is exploited to increase the
signal-to-noise ratio (SNR) at the RPLs receiver. In the sensing mode, the channel is
de�ned as H = H Rad and the factorsf m;l (m = 1; : : : ; M , l = 1; : : : ; Nc=2) are used to
eliminate the known transmit data symbols from the channel information, as a monostatic
setup is assumed, i.e.,f m;l = 1=X [m + Ml � 1]. In the communication mode, the channel
is de�ned as H = H Com and the factors f m;l are used to equalize the in�uence of the
communication channel i.e.,f m;l = 1=H Com;m;l (these channel coe�cients can be estimated
based on embedded training sequences).

In DFT-spread OFDM operation, the di�erent subcarriers of the OFDM system get
spread-out via a spreading factorM to accommodate multiple users or multiple antennas
in a MIMO fashion. In the proposed system design, a multi-antenna approach is used to
estimate a target's angular position via spatial diversity of the received signals. A crucial
factor for radar applications is the signal bandwidthB, which is closely related to the
range resolution via

� R =
c0

2B
=

c0

2� fN c
; (6.2)

wherec0 denotes the velocity of light in the propagation medium. The spreading operation
distributes the subcarriers across the transmit antennas which might result in a lower
range resolution, depending on the e�ective signal bandwidth resulting for each antenna
element. There are multiple ways to spread the subcarriers across the transmit antennas, as
discussed in [Mie19], one of which being an interleaved procedure applied within the scope
of this section, where the range resolution can approximately be maintained compared to
a single-input single-output (SISO) system. As illustrated in Fig. 6.14, Tx antenna 1 is
associated with the subcarrier setS1 = f 0; M; 2M; : : : g, Tx antenna 2 is associated with
the subcarrier setS2 = f 1; 1 + M; 1 + 2M; : : : g, and so on. The resulting transmit signal
at the m-th transmit antenna is given by

sm [n] =
1

p
Nc

N c=M � 1X

k0=0

zm [k0] � exp

 
j2�nk 0

M

!

; (6.3)

with the DFT-spread sequence given by

zm [k0] =
1

q
Nc=M

X

k2S m

x [k] � exp

 
� j2�k 0k
Nc=M

!

; (6.4)

which is de�ned over the corresponding subcarrier-spreading setSm . Furthermore x[k]
denotes thek-th Q-ary data symbol, e.g., taken from a phase-shift keying (PSK) signal
constellation. Note that the data symbolsx[k] are intended for the downlink communication
between the UAV and the RPL, while the JCAS system exploits the fact that the overall
transmit signal can also be utilized for radar sensing � thus constituting a common waveform
design.

For a JCAS system, the maximum expected target rangeRmax (associated with the
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sensing mode) and the delay spread� max of the wireless communication channel (associated
with the communication mode) need to be taken into account when choosing the length
lCP of the cyclic pre�x (CP), which is in general given as

lCP = max
� 2Rmax

c0
Nc� f ; � maxNc� f

�

: (6.5)

Yet, since the sensing mode is associated with two-way signal propagation, while the
communication mode channel model only comprises one-way signal propagation (in up- or
downlink), the sensing mode is usually the more relevant constraint in this context. This
ensures a su�ciently long time interval for the re�ected signals to reach the receiver before
the start of the next (DFT-spread) OFDM symbol.

Fig. 6.14 illustrates the complete DFT-s-OFDM system model for the sensing and the
communication mode: The modulated data sequencex[k] gets spread by a DFT at the
transmitter according to a spreading factorL (illustrated here with L = 2 to spread the
sequence over two antennas). After the transmitter-side inverse fast Fourier transform
(IFFT), the n-th DFT-spread OFDM symbol sm [n] is transmitted by the m-th antenna
through a channelH represented either by the radar channelH Rad or the communications
channelH Com (see Sec. 6.3.2). Upon reception by the receive antennas, the signal gets
transformed back to frequency domain by an fast Fourier transform (FFT). So far, all steps
are common to the JCAS processing of either the sensing or the communication mode. In
further processing, a distinction is made according to the respective mode: In the sensing
mode, the transmit symbols are known at the receiver and can be eliminated using the factor
f m;l . The remaining channel information is used in the signal processing chain to determine
the range pro�le via the IFFT applied in frequency domain for each received DFT-s-OFDM
symbol. The AoA is estimated via the angular FFT applied in spatial domain, i.e., across
the virtual MIMO receive antenna elements. In the following, focus lays on the range
processing for the ease of exposition, as Doppler processing is identical to conventional
OFDM signals. A cconstant false alarm rate (CFAR) algorithm � not depicted in Fig. 6.14 �
is employed to determine the target range bins from the range pro�le. Subsequent Doppler
processing might be implemented in the slow-time domain of the received signals (prior to
the CFAR algorithm). Following this processing step, range(-Doppler) cells that pass the
CFAR detection threshold are identi�ed to enable subsequent AoA estimation of the targets.
The methodological framework for the signal processing in the JCAS receiver is presented
in more detail in Section 6.3.3. In the communication mode, a channel equalization step
is performed using the coe�cientsf m;l to estimate the respective information symbol~x[k]
by performing an IDFT, followed by a (hard) symbol decision.

To summarize, the major part of the proposed signal processing for the JCAS receiver
is common for the communication and the sensing part. The separation into two separate
chains only occurs at the far end of the receiver chain, where the sensing part estimates
target parameters and the communication part estimates the transmitted OFDM symbols.
Note that based on the proposed common waveform design there is no need for any further
time/frequency synchronization or interference mitigation steps between the two receiver
functions.
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6.3.2 Channel Model

In the following, an M transmit and N receive antenna MIMO channel model is considered.
A generic physical channel model, which is applicable both in the radar mode and in the
communication mode, follows [GKCC20b] with a genericW-taps time-frequency selective
channel between them-th Tx and the n-th Rx antenna H (t; � ) 2 CM � N . Its time-varying
impulse response elements are given as

hm;n (t; � ) =
W � 1X

w=0

h(m; n; w) exp (j2�� w t) � 0(� � � w );

m = 1; : : : ; M and n = 1; : : : ; N;

(6.6)

with W denoting the number of multipath re�ections, where the0-th path is the line-of-sight
(LOS) path, � w denotes the Doppler shift of thew-th path, and � w the corresponding
propagation delay. Each channel path is modeled via a complex channel coe�cient
h(m; n; w), accounting for phase shifts and path loss. The channel coe�cients are critical in
characterizing the propagation environment, capturing the e�ects of multipath propagation,
Doppler shifts, and other propagation phenomena.

In the case of the communication linkhm;n (t; � ) = hCom;m;n (t; � ) is employed, and the
coe�cients h(m; n; p) may be subject to Rician or Rayleigh fading. In the radar case, pure
line-of-sight signal propagation is assumed andhm;n (t; � ) = hRad;m;n (t; � ) holds. In this
case the model accounts for a two-way Doppler shift and signal propagation, resulting in
� w = 2 ~� w and � w = 2 ~� w , where ~� w and ~� w denote the corresponding one-way Doppler shifts
and propagation delays, respectively. This doubling e�ect is due to the round-trip nature
of the radar signal, which re�ects o� the target and returns to the radar receiver. The
radar targets are characterized by their respective position in space with their dedicated
angle signi�cantly responsible for the complex channel coe�cients phase via

h(m; n; w) = � k exp
� j2�

� c
� (m; n; k)

�

; (6.7)

where� k models each targets relative amplitude (which is proportional to the square-root
of its radar cross section),� c denotes the employed carrier wavelength, and� (m; n; k)
represents the phase di�erence between a reference antenna element and each virtual
antenna pair. The phase di�erence� (m; n; k) is in�uenced by the geometry of the antenna
array and the location of the targets, which can a�ect the beamforming and direction-�nding
capabilities of the system. The exact term depends on the antenna array architecture
employed. Note that an extension of the signal model to multipath signal propagation
also in the radar case is straightforward, but is omitted here for the ease of exposition.
Regarding the communication link, it is assumed that the channel coe�cientsh(m; n; w)
are statistically independent from subcarrier to subcarrier, whereas for the radar case
they are assumed to be identical for simplicity (corresponding extensions of the model are
straightforward, however).

As the antenna diversity of the MIMO system can be used to establish multiple
communication links to multiple users, even data transmission from the UAV to multiple
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Figure 6.15: Communication scheme for the proposed operation of a UAV from an
RPL. The uplink and downlink communication is split up into two frequency bands
to separate the piloting operation from the communication downlink and the radar
operation/channel of the JCAS system. Figure based on [SMH25].

ground stations and/or other airspace participants would be possible. Adaptive resource
allocation, employing techniques such as beam selection or zero forcing (ZF) beamforming,
can establish multi-link scenarios while accommodating (additional) users through time-
or frequency-division multiplexing [SAE05]. Such optimization has been applied to JCAS
systems in [LML+18]. Within the scope of this section, a single user in the form of the
RPL is assumed for simplicity. The JCAS downlink signal received at the RPL is given by

y DL = H H
Com

q
QTx sDL + n DL ; (6.8)

with the channel matrix H Com , a transmit power allocation across the Tx antenna elements
represented by a diagonal matrixQTx , the downlink signal vectorsDL with an additive
white Gaussian noise (AWGN) vectorn DL at the receive antenna array with variance� 2

and Ef nn Hg = � 2I N , (N = N RPL ).
Assuming channel reciprocity, the uplink signal to command the UAV is given by

y UL = H Com

q
QRx sUL + n UL ; (6.9)

where the RPL employs an uplink Tx power allocation in the form of a diagonal matrix
QRx , sUL denotes the uplink signal vector, andn UL the corresponding AWGN vector.
The uplink communication also encounters channel impairments such as noise and fading,
which the system must mitigate through e�ective signal processing techniques.

Communication Scheme

In the considered application of a UAV, the communication link is established between the
aerial vehicle equipped with a JCAS system and an RPL for monitoring and commanding
the UAV. The communication scheme is illustrated in Fig. 6.15. Here, two frequency
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bands are used to separate JCAS from the remote piloting operation by combining the
communication downlink and the radar channel in the JCAS band and the uplink in the
piloting band. Each band is reserved for a single system only: In the piloting band, only
the RPL is allowed to transmit, and the JCAS system continuously receives the remote
piloting information. The JCAS band serves as the frequency range for the JCAS system
to transmit information to the RPL and receive radar echoes from obstacles and targets.
This procedure ensures a separation of the downlink and uplink. In particular, the two
bands that are otherwise required for radar detection and information transmission in the
downlink are combined into a single band (JCAS band) by using a common waveform
(as detailed in Section 6.3.1), thereby increasing spectral e�ciency. This combination
enables the system to transmit high data rates while simultaneously supporting additional
sensing functionalities. Extensions to multiple communication links, for example, in the
direction of identi�ed targets or other airspace users, are possible. Moreover, as the up-
and downlink functionalities are separated into separate frequency bands, the necessity for
synchronization between the frames within the pilot band and the JCAS band is eliminated.
This o�ers enhanced �exibility in the management of system operations.

Frequency-division duplexing (FDD) mitigates the potential for interference between the
piloting signals of the RPL and JCAS functions on the receiver side on the UAV, as each
function operates within its designated frequency band. This separation not only enhances
the quality and reliability of the signals, but also enables more precise and uninterrupted
data transmission. Furthermore, the use of separate uplink and downlink frequency bands
enhances the safety and robustness of the communication link, mitigating the risk of
cross-interference and ensuring the reliable transmission of vital commands and data. To
this end, a su�ciently wide separation of the corresponding frequency bands is assumed,
so as to avoid any leakage e�ects. The FDD con�guration also facilitates more �exible
frequency management, consequently enabling more e�ective utilization of the available
frequency spectrum.

In order to prevent leakage and interference between the two bands, especially in
dense signal environments with multiple UAVs in close proximity, interference mitigation
mechanisms can be integrated into the physical layer design. A key feature in the design of
such practical system is the inclusion of (transmitter- and/or receiver-sided) high-quality
�lters and guard bands between the allocated frequency ranges for the pilot and JCAS
bands. These ensure minimal spectral overlap and reduce the risk of inter-band leakage.
Additionally, advanced signal processing techniques, such as interference cancellation
algorithms and adaptive power control, can be employed. The integration of interference
mitigation measures in the physical layer can ensure the reliability and scalability of the
system in high-density environments, thereby meeting the rigorous demands of modern
UAV operations. A detailed investigation of such interference mitigation techniques is
outside the scope of this section, however, and is therefore delegated to future work.

Coherent Multiple-Input Multiple-Output Radar Signal Processing

It is assumed that a calibration process is applied to the antenna elements during system
initialization to enable coherent processing across multiple antenna elements. Furthermore,
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a shared reference clock is assumed to minimize phase inconsistencies across the antenna
elements. The system model under consideration addresses the impact of non-linearities
inherent in power ampli�ers on the detection performance of a JCAS system which
is discussed in detail in Section 6.3.3. The incorporation of Doppler processing was
deliberately excluded from the presentation. For a comprehensive system model, the
utilization of motion compensation techniques (based e.g. on inertial measurement units)
that facilitate some form of Doppler compensation needs to be presumed. Moreover, the
employment of adaptive tracking to ensure the continuous updating of target Doppler
measurements is advocated, thereby facilitating stable coherent processing of the targets.
However, these are standard processing steps, which were described for MIMO radar, e.g.,
in [LS08]. A detailed discussion is therefore omitted here for the sake of conciseness. Finally,
phase imbalances can be addressed by regular system calibration operations and digital
beamforming to adaptively weigh the signals from di�erent antenna elements.

6.3.3 Methodological Framework

This section presents the necessary methods and system models on which the following
numerical simulations are based. First, the modeling of the e�ect of a non-linear transmit
PA on the systems performance is outlined using the employed Rapp model [Rap91]. The
phase correction process of the JCAS receiver is then described for the sensing mode,
introducing phase correction terms used for coherent AoA determination. Finally, the
methods for estimating the target parameters are presented. The primary focus lays on
the estimation of the range and the AoA of the targets in the FoV, with these fundamental
elements being pivotal as a basis for the numerical simulation results that will be presented
in the subsequent section.

Joint Communication and Sensing Receiver Processing

In the JCAS band, the receiver-side processing is carried out according to the proposed
frequency-domain processing scheme, introduced in [SMH23b]. This constitutes an
alternative approach to matched-�ltering (by a received-sided correlation operation in
the time domain), which is traditionally used in radar systems. Following Fig. 6.14, after
reception and removal of the CP, the (DFT-s-)OFDM receiver processing is done via an
FFT in the fast time based on the received samples within a single OFDM symbol, before
the frequency-domain transmit symbols can be eliminated from each subcarrier, leaving only
channel and target information. In order to achieve this objective, the coe�cientsf m;l in the
radar mode are assigned the inverse of the transmit symbols, i.e.,f m;l = 1=X [m + Ml � 1].
This is feasible due to the monostatic setup, as the transmitted information symbols are
known at the JCAS receiver. The subsequent IFFT delivers a range spectrum for each
receive antenna element.

In the communication receiver, the steps performed on the transmitter are applied in
reverse order to estimate the transmitted data symbols. The coe�cientsf m;l are used to
equalize the in�uence of the propagation channel viaf m;l = 1=H com;m;l using the channel
information obtained using suitable training sequences.
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Regarding the radar receiver � to accomplish an angular estimate of the detected targets
in the FoV, a term to compensate for phase di�erences based on the di�erent subcarrier
frequencies after the range processing step is introduced. This is similar to the phase
correction term presented in [MPVZ19] to account for the phase di�erences due to the
interleaved subcarrier allocation. Each subcarrierk experiences a phase shift, depending
on its subcarrier indexk and transmit antenna indexm. The phase correction term is
de�ned as

ck;m = exp

 
j2�km

Nc

!

; k = 0; 1; : : : ;
Nc

M
� 1;

m = 0; 1; : : : ; M � 1;
(6.10)

which e�ectively removes the phase o�set between the di�erent subcarriers and makes them
suitable for angle estimation. In the illustrated system model in Fig. 6.14, the angular
estimation process is accomplished using another FFT in the spatial domain over all receive
antenna elements which results in a corresponding angular spectrum.

Target Parameter Estimation

As illustrated in Fig. 6.14, the range pro�le is generated using the active subcarrier set of
each virtual2 receive antenna after removal of the transmitted information symbols. An
IFFT in fast time on each (DFT-s-)OFDM symbol recovers the channel information that
is embedded into the subcarrier set, presenting the range of the targets that re�ected
the signal back towards the receive antenna array. A low-complexity tapering procedure
can be employed to lower the sidelobe level (SLL)3. This tapering would be realized in
the frequency domain prior to the input of the IFFT operation in the �Sensing� block in
Fig. 6.14. This procedure has been introduced in [SMH23b]. Furthermore, the employment
of a CFAR algorithm is a viable method for determining the range cells in which a target
can be detected.

Doppler information of the targets is estimated in the slow time employing an FFT
operation across multiple (DFT-s-) OFDM symbols. As discussed earlier, the focus of
this section lays on the communication performance and DoA estimation of targets in the
FoV of the UAV. Thus, the Doppler estimation of the targets is not further discussed.
The interested reader is referred to [SBZW10] for details regarding Doppler processing for
OFDM JCAS systems.

DoA estimation itself is performed on the range and Doppler processed samples. Within
the scope of this section, two methods are considered: (i) FFT-based processing (as depicted
in Fig. 6.14), and (ii) CS-based processing. All samples are corrected in terms of the phase
correction introduced in (6.10) to allow for a precise angle estimation. Corresponding
subcarriers from each receive antenna element are combined to form the input data to the
angle estimation block shown at the end of the monostatic illustration in Fig. 6.14. The

2The virtual receive antenna elements obtained via MIMO radar processing are associated with di�erent
transmit antennas and therefore with di�erent active subcarrier sets [Mie19].

3Relevant windowing functions for tapering are further explained in App. D
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FFT method serves as a baseline to provide a basic method for DoA estimation.
CS as a mathematical paradigm to estimate the solution to underdetermined linear

equations can be used in certain scenarios to generate higher resolution solutions [SMH24].
The DoA estimation may, for example, be based on the OMP algorithm with
implementation as described in Appendix B. More precisely, the algorithm employs an
underdetermined linear equation system in the form

y = 	 ~x; (6.11)

with the received samples from the receive antenna elements arranged in a vectory , a
grid-based sensing matrix	 , and a sparse angular position vector representing possible
targets AoA ~x. Here, the sensing matrix is constructed based on an angular grid and the
physical structure of the antenna array. A detailed description of the construction of the
sensing matrix can be found in [HMHM21] and references therein.

6.3.4 Numerical Simulations

A JCAS system onboard the UAV using an antenna array withM = 8 transceiver antenna
elements for MIMO operation is assumed, placed in a ULA con�guration with inter-element
spacing of� c=2. The corresponding receive antenna elements are spaced byM� c=2, so as
to facilitate MIMO radar processing. An OFDM system with Nc = 1024 subcarriers is
implemented and the spreading of the DFT operation is performed with a spreading factor
of M = 8 to distribute the subcarriers evenly accross all antenna elements. This is done in
an interleaved fashion to retain the overall system bandwidth for each transmit antenna
element and thus the range resolution of the system with regard to a conventional OFDM
system, as discussed in Section 6.3.1. The subcarrier spacing is chosen to be� f = 15 kHz,
(following the long term evolution (LTE) standard), and employs oversampling by a factor
of 8. This results in an overall signal bandwidth ofB = � fN c = 15:36MHz and thus �
following (6.2) � in a range resolution of � R � 9:8 m. The system is parameterized to
account for a maximum range ofRmax = 1250 m with a CP length of lCP = 128 samples
according to (6.5). The input data x[k] are given in terms of a random 8-ary PSK data
stream and the radar targets are modeled to be point-like. The employed simulation
parameters are noted in Table 6.2.

This section is divided into three parts: In the �rst part, the sensing performance of
the proposed JCAS system architecture is analyzed in terms of target separability in the
range domain and DoA estimation accuracy. Note that this is a consideration which is
very speci�c to a JCAS system, as the available transmit power must be su�cient to meet
both sensing and communications requirements. This lays the basis for the second part,
where the link budget of the communication link is determined based on the required SNR
for the sensing operation. In the third part, the in�uence of the non-linear PA is analyzed
using the calculated noise �gures of the complete system. The results from this analysis
are further used in Section 6.3.5 to determine the optimal waveform for the di�erent PA
models.
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Table 6.2: Parameters of the numerical simulations of the JCAS system aboard the
UAV.

Parameter Symbol Value

Number of antennas M 8
Center frequency f c 1 GHz
Tx antenna separation dTx � c=2
Number of subcarriers Nc 1024
Subcarrier spacing � f 15 kHz
Signal bandwidth B 15:36 MHz
Maximum range Rmax 1250 m
Cyclic pre�x length lCP 128 samples
Oversampling factor O 8
Data symbol cardinality Q 8

Sensing Performance

In the following, the sensing performance is determined (i) as the ability to discriminate
targets in the range domain and (ii) by the root mean square error (RMSE) of the
corresponding AoA estimation. The range processing is handled in terms of the described
IFFT processing at the JCAS receiver. This results in an improved SLL compared to
(time-domain) matched �lter based range estimation techniques, as outlined in [SMH23b],
while the range resolution is preserved. An example is shown in Fig. 6.16 where three
targets are present in the FoV of the JCAS system onboard the UAV platform. The ranges
of these targets can be estimated, as all targets are well separated. One might assume, that
as the targets at rangesr2 = 235:2 m and r3 = 256:3 m become closer to each other, they
would not be separable by the JCAS receiver, as the sidelobes would signi�cantly overlap
especially in the standard case of rectangular tapering (green lines). This masking of close
targets describes the limits of the range processing. The red lines in Fig. 6.16 illustrate
the e�ect of an applied Hann tapering window, which e�ectively lowers the SLL at the
expense of widened main lobes of the targets.

In the second processing step, the DoA of the echo signals originating from the targets is
estimated based on the received signals from the UAV antenna array. Here, the subcarrier
structure of the OFDM and DFT-s-OFDM signals require for a compensation phase term
introduced in Eq. (6.10). This way, the otherwise range-dependent shifts in the angle
domain can be compensated for, resulting in a clean angular spectrum. The scenario
from Fig. 6.16 is shown in Fig. 6.17 including the DoA estimation results in a range-angle
spectrum resulting from the AoA estimation approach based on the angular FFT.

Assuming normalized signals, the performance of the DoA estimation can be determined
based on the SNR of the received signal. Fig. 6.18 shows a corresponding result displaying
the RMSE of the DoA estimation for a single point-like target. As an example, the CS
approach based on the OMP algorithm has been employed for the DoA estimation step.
Based on this, a minimum required SNR for a required DoA estimation accuracy can be
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Figure 6.16: Range pro�le after range IFFT from a single receive antenna with three
targets positioned atr k = f 54:8; 235:2; 256:3gm illustrated by the blue lines. The red
curve illustrates the e�ect of an applied Hann tapering window, e�ectively lowering
the SLL while widening the main lobes of the targets. Figure based on [SMH25].

Figure 6.17: Range-angle spectrum of the processed scenario with three targets
placed at ranges r k = f 54:8 m; 235:2 m; 256:3 mg and azimuth angles � k =
f 13:6� ; � 23:6� ; 10:8� g using the phase correction term(6.10) and FFT-based DoA
estimation. The ground truth positions of the targets are marked by di�erent colors.
Figure based on [SMH25].

160



Figure 6.18: RMSE of the DoA estimation for a single target positioned randomly
in the FoV of the MIMO antenna mounted onboard a UAV platform. The DoA is
estimated using the OMP algorithm for a single target in the FoV which returns a
single angular value for the estimated target position. An SNR ofSNRmin = � 22dB
is determined as the baseline for DoA estimation, so as to achieve an average RMSE
of 1� . Figure based on [SMH25].

stated, which is considered su�cient at a mean error level of about1� . By this means,
a minimum SNR of SNRmin = � 22dB (at the input of the range processing block) is
determined.

Link Budget Calculation

It is necessary to make assumptions regarding the link budget between the UAV and the
RPL in order to optimize the JCAS functionality in the subsequent practical analyses.
The presented link budget is conservative and considers non-directional MIMO antennas
at the UAV and the RPL with GTx ;UAV = GRx ;RPL = 0 dBi, respectively. Furthermore, it is
essential to assume a minimum RCS that can be detected at the maximum range in order
to estimate the received power for the radar mode. Within the scope of this section, this
RCS is set to be! min = 4 m2 located at the maximum detection distanceRmax = 1250 m.
This is a common presumption in UAM scenarios since small aerial vehicles indeed present
the emitting radar system with a reduced RCS. With the previously determined minimum
sensing SNR and corresponding free-space path losss (FSPLs), the minimum transmit power
of the UAV antenna for the radar mode is calculated to bePTx ;min = 14:6dBm. Under
this assumption, the communication link between the UAV and the RPL would result in
an SNR ofSNRmax;RPL = 38:4dB at the RPL receiver, when assuming a communication
distance of1250 mbetween the UAV and the RPL. This constitutes a comfortable SNR
for the downlink of the communication link, hance illustrating the feasibility of the JCAS
approach.
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In�uence of Non-Linear PA

Given the PA model introduced in Section 5.2.2, the performance of a conventional OFDM
waveform is in the following compared to that of the DFT-s-OFDM waveform under
di�erent clipping values. The di�erence in susceptibility to clipping is governed by the
PAPR of each waveform, where corresponding probabilities for the PAPR values can be
found in [SMH23b]. In order to facilitate a structured analysis, in the following the
average SLL is considered resulting for the two schemes as a function of the clipping
parameter Ac. In particular, it will be of interest whether there is a �sweet spot� for
the DFT-s-OFDM waveform at medium values ofAc o�ering a potential advantage over
conventional OFDM. Fig. 6.19 illustrates the e�ect of a non-linear PA on the range
estimation result for both waveforms. It can be observed that OFDM exhibits a more
salient response to the non-linear signal distortions at medium (e.g.Ac = 6 dB) clipping
amplitudes, as evidenced by an increase in the mean SLL. DFT-s-OFDM on the other hand
shows corresponding distortions only for very small clipping amplitudes, e.g.Ac = 2 dB,
as its PAPR is lower compared to OFDM.

The average SLL represents one of the main parameters in�uenced by the clipping of the
non-linear PA determining the sensing performance. In the following, it will be analyzed
in a noise-free environment for simplicity, with the goal to di�erentiate di�erent PA types.
In Fig. 6.20 there are three types of PA identi�ed based on the two waveforms and their
resulting performance in terms of the average SLL. TheinexpensivePA only provides a
dynamic range of less than4dB, the mid-range PA is able to provide up to7dB dynamic
range, and theexpensivePA models are able to provide more than7dB of dynamic range
regarding the input signal compared to its average amplitude, basically not in�uencing
the output signal by their non-linearities. The categorization of the PAs is tailored to the
overlapping areas of the individual waveforms and does not represent a genuine commercial
classi�cation of actual components. In particular, OFDM provides lower average SLLs and
thus superior sensing performance for both the inexpensive and the expensive PA models.
In the case of mid-range PAs, however, slightly better performance can be achieved with
DFT-s-OFDM compared to OFDM, amounting to a maximum SLL advantage of about
2dB. The objective of this categorization is to di�erentiate between the optimal design of
the JCAS system when in�uenced by a non-linear PA. This leads ultimately to a design
guide for JCAS systems employing OFDM and DFT-s-OFDM waveforms, as detailed in
Section 6.3.5.

Besides the sensing performance in form of the average SLL, the communication
performance can be calculated in terms of the resulting bit error rate (BER). This measure
under the in�uence of di�erent clipping values has already been illustrated in Fig. 5.17.
In this context, the susceptibility of OFDM to non-linear PA clipping becomes evident,
as the dashed lines begin to �atten out beginning from a clipping value ofAc = 4 dB.
DFT-s-OFDM on the other hand is more resilient to the clipping introduced, due to its
more favorable PAPR properties. With suitable channel coding, the BER can usually be
reduced to an acceptable level, however.
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Figure 6.19: Comparison of the range estimation result for a single target under
the in�uence of di�erent clipping amplitudes Ac at the transmitter. Figure based
on [SMH25].
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Figure 6.20: Average SLL of OFDM and DFT-s-OFDM waveforms after reception
and range processing under the in�uence of di�erent non-linear PA clipping values at
the transmitter. Three domains of PA models can be roughly mapped to the considered
clipping values: inexpensive (< 4dB), mid-range (4dB� 7dB), and expensive (> 7dB),
each providing the mentioned dynamic range with respect to the average amplitude
of the input signal. Figure based on [SMH25].

6.3.5 Joint Communication and Sensing Optimization

By employing the numerical simulation results from Section 6.3.4, a joint optimization of
the performance under the in�uence of disparate PA models can be conducted, the goal of
which is to determine an optimal waveform to use for each PA category.

Expensive Power Ampli�er

Given that the non-linearities in the expensive PA category do not signi�cantly impact
either waveform regarding their performance (as illustrated in Figures 6.20 and 5.17), it
can be concluded that the waveform with the higher data rate should be selected (in favor
of the communications mode), which is the OFDM waveform4. On the sensing side, this
also coincides with the better waveform regarding the resulting range spectrum, as OFDM
exhibits a lower average SLL in this case, cf. Fig. 6.20. In light of these �ndings, OFDM
emerges as a favorable waveform for JCAS systems using PAs with high dynamics. This
conclusion aligns with the existing literature, which has consistently demonstrated that
OFDM o�ers solid performance for JCAS systems [MPVZ19].

4By combining OFDM with spatial multiplexing (and a corresponding successive interference cancellation
technique at the receiver [Fos96]), the data rate of the communication link could be increased by a
factor of M , compared to DFT-s-OFDM .
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Mid-Range Power Ampli�er

In the mid-range PA category, the range spectrum of OFDM deteriorates, as the average
SLL increases notably. At the same time, there is also a slightly increasing distortion in the
BER and thus in the (uncoded) communication performance. DFT-s-OFDM , on the other
hand, does not show signi�cant deterioration in this PA regime, due to its lower PAPR.
In addition, the waveform is also more robust in terms of communication performance
under the in�uence of distortion and does not show any degradation. This leads to the
conclusion that DFT-s-OFDM presents a better overall performance for the mid-range PA
category and should thus be considered as the JCAS waveform of choice, provided that
the data rate requirements are met. Otherwise, OFDM could be employed at the expense
of a degraded sensing performance.

Inexpensive Power Ampli�er

The inexpensive PA category provides the opportunity to combine both waveforms in a
time-division multiplexing (TDM) con�guration, thereby optimizing the JCAS system. In
this con�guration, OFDM is employed for sensing purposes, while DFT-s-OFDM is utilized
for communication. This is due to the fact that OFDM exhibits superior performance in
the sensing domain, as evidenced by the average SLL results depicted in Fig. 6.20, as with
lower-dynamic PAs, the clipping has a less signi�cant impact on the OFDM waveform.
On the other hand, regarding the communications performance, DFT-s-OFDM might be
selected as the communication waveform (judging from the uncoded BER performance).

In this TDM system, a designated fraction, denoted by the symbol� , of the total frame
length is allocated for communication, while the remaining portion of the symbol length
is occupied by the sensing waveform. This approach allows the system to be optimized
for two distinct objectives: The system must meet a minimum required RMSE,RMSEreq,
for the sensing part and a minimum required capacityCreq for the communication part.
This optimization is depicted in Fig. 6.21. Here, example values are chosen forRMSEreq

and Creq, in order to illustrate a setup with a feasible solution. Depending on the system
parameters, there might not be a single optimal solution regarding the choice of the TDM
fraction � . Correspondingly, there is no closed-form solution which yields a unique optimum.
To this end, the following cases are distinguished regarding their feasibility, in order to
identify possible ranges for the choice of� :

(i) The parameters of the system provide su�cient degrees of freedom to meet the
requirements both for the communication and the sensing part. This case is illustrated
in Fig. 6.21 by the orange area.

(ii) The requirements of the system on both system functionalities can jointly be achieved
be choosing a unique optimum value for� . In this case the orange area in Fig. 6.21
would be reduced to a single vertical line at the optimum TDM fraction� .

(iii) There is no optimal solution to the optimization problem given the parameters of
the system. In this case, the communication and/or the sensing function has to
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Figure 6.21: Optimization for a speci�c waveform designated to each JCAS
functionality in a system with inexpensive non-linear PAs. OFDM is used for sensing
and DFT-s-OFDM for communication. The orange area represents the range of
feasibility for the parameter � to ful�ll both the requirements for communication
capacity Creq = 12 bit s� 1 Hz� 1 and sensing accuracyRMSEreq = 2 � . Figure based
on [SMH25].

lower their respective requirements, in order to generate a feasible range for the TDM
fraction � .

It is noted that � depending on the technical realization of the reduced time fraction (1� � )
that remains available for the sensing function � the particular choice of� might also have
an impact on the resulting unambiguous range, which might further reduce the feasible
range for the TDM fraction � .

The provided guideline shows the best decisions for the di�erent domains regarding
non-linear PAs. In the case of a inexpensive PA with low dynamic range (Ac < 4dB),
a TDM mode should be considered, where� describes the ratio of time reserved for
communication purposes. Here, OFDM should be employed for sensing and DFT-s-OFDM
for communications, which makes the system resilient to the in�uence of the non-linearities
of the PA. The optimization of the overall system given a required angular resolution and
a required channel capacity for this case is illustrated in Fig. 6.21.

On the other side of the scale are the expensive PAs. These should be used with a
common OFDM waveform for JCAS operation. This way, the capacity as well as the
sensing performance is optimized.

Finally, in the mid-range of non-linear PAs, DFT-s-OFDM should be used as a common
waveform for JCAS systems. This phenomenon can be attributed to this waveform's
enhanced performance in the sensing and communication domains, leading to reduced
perceptibility of distortions caused by non-linear PA distortions.

The results of the analysis of the non-linear PAs are summarized in Table 6.3.
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Table 6.3: Waveform optimization results for a JCAS system under the in�uence of
di�erent PA categories.

PA Model Sensing Waveform Comms Waveform

Expensive OFDM
Mid-Range DFT-s-OFDM
Inexpensive OFDM DFT-s-OFDM

6.4 Chapter Summary

In the envisioned application of a JCAS system employed onboard a UAV which
communicates with a distant location, both functionalities � communication and sensing �
are equally important for the safe and reliable operation of the system. Here, a common
waveform bene�ts the JCAS system's performance. OFDM and DFT-s-OFDM waveforms
are easy to implement and have been shown to be promising candidates � both with their
respective advantages and disadvantages. When considering actual hardware components,
non-linear PAs present a crucial limitation to the overall system performance. This section
has presented an approach to design a JCAS system speci�cally tailored to the dynamic
range of the non-linear PA at the transmitter. Based on the presented results, the system
design can be oriented towards the hardware components, whereby an optimal solution for
both functionalities of the JCAS system can be found in many practicable cases.

The �eld of JCAS systems presents a promising opportunity for further research
and innovation. Future research may concentrate on the development of innovative
algorithms and signal processing techniques that enhance the performance and e�ciency
of JCAS systems. Potential areas of investigation include advanced adaptive �ltering and
interference mitigation strategies. Exploring new applications, such as the integration of
JCAS with autonomous systems and smart infrastructure, could reveal additional bene�ts
and use cases. Addressing these research challenges and opportunities will be crucial for
advancing JCAS technology and expanding its impact in various sectors. In future work,
alternative waveforms that combine the advantages of OFDM and DFT-s-OFDM in terms
of sensing and communication performance and acquired data rates will be of interest.
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7
Conclusions and Outlook

Contributions of the Thesis

This thesis compiles works from di�erent areas in radar system design and signal processing
and considerations for joint communication and sensing (JCAS) system development. As
outlined in the Introduction, four main areas were identi�ed as the pillars of this work:
The combined consideration of radar-centric topics in electronically steered antenna arrays
and direction-of-arrival (DoA) estimation using compressive sensing (CS) techniques and,
furthermore, improvements in mutual interference mitigation techniques and the resulting
JCAS system design.

Multiple-input multiple-output (MIMO) antenna arrays have represented a relatively
novel paradigm in antenna technology and they receive increasing practical adoption due to
their potential in angular resolution due to the enlarged virtual aperture. Chapter 3 of this
thesis involved a comparative analysis between MIMO antennas utilizing orthogonal signals
and electronically steered antennas with beamsteering capabilities. CS was employed to
evaluate the DoA estimation of the respective antenna types. Furthermore, fundamental
approaches for optimizing the DoA estimation of antennas using CS were investigated. It
could be shown that a separated DoA estimation does not only result in less computational
complexity, as the algorithm does not have to solve a large system of linear equations, but
also increases resolution for certain aperture architectures. Furthermore, an improvement
in DoA estimation was shown for an appropriate selection of beamsteering angles. A
method for selecting the beamsteering pattern based on the antenna array architecture has
been presented. In this sense, di�erent antenna designs were evaluated in terms of their
achievable angular resolution. This analysis did range from conventional uniform linear
array (ULA) or uniform rectangular array (URA) antenna arrays to unconventional design
approaches, for example in the form of the Hamming tapered semi-circular approach in
Section 3.2.1. These two �elds were also substantiated with measurement data, where the
theoretical �ndings were con�rmed by the experimental data.

The second part of the thesis focused on the interactions between disparate
radio frequency (RF) systems, as commonly observed in state-of-the-art sensing and
communication systems. In light of the growing demand for ever-higher bandwidth and the
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associated sensitization of components, it is imperative to identify increasingly sophisticated
coordination techniques between the individual systems. It has been previously identi�ed
that the mutual interference between the individual systems can be minimized either
through coordination within the systems or through standardization in the sense of JCAS.
In the case of JCAS, the two initial systems � communication systems and sensing systems
� are combined to form a joint system. This process is evident, as the two system classes
have analogous requirements for their respective analog front ends. Selecting a waveform
that is suitable for joint use represents a signi�cant challenge in developing functional
JCAS systems. In this thesis, discrete Fourier transform (DFT) spread orthogonal
frequency-division multiplexing (OFDM) was chosen as a possible solution and compared
with conventional OFDM, which was identi�ed in the research community as a highly
suitable waveform. The waveform was examined in order to ascertain its e�cacy in target
detection within the �eld of view (FoV) across the range domain. It was demonstrated that a
frequency-domain-based assessment of the received signal provides a substantial advantage
over a simple matched �ltering approach. A well-known advantage of DFT-s-OFDM
is the reduction in the crest factor/peak-to-average power ratio (PAPR) compared to
conventional OFDM. This can prevent the transmitter-side power ampli�er (PA) from
reaching its saturation point, thereby obviating the necessity for a power back-o� at the
transmitter, which would e�ectively lower the systems range. In an investigation of the
e�ects of the non-linearities of a PA on the performance of the DFT-s-OFDM signal, this
advantage was demonstrated.

The last chapter of the thesis represented a synthesis of the preceding chapters,
integrating all areas of previous work. An application example was described, to
demonstrate the combination of all presented areas of antenna design, DoA estimation,
mutual interference mitigation, and JCAS waveform design. The remotely-piloted aircraft
system (RPAS) was selected as a foundation for the example scenario from urban air
mobility (UAM) settings, which depicts an aerial vehicle navigating an urban environment
while being operated via remote control. Autonomous systems on board of the RPAS
are capable of observing the surrounding environment and presenting the pilot in the
remote piloting location (RPL) with a situational picture. Such a platform could be
utilized e�ectively for personal transport or freight logistics in urban areas, providing a
viable alternative to road-based transportation. Given that the applicability of CS for
DoA estimation with simple commercial o�-the-shelf (COTS) antenna arrays from the
automotive sector in urban scenarios has been demonstrated, a simple ULA was also used
as the basis for the array in this application example. This approach is also compatible
with precoding algorithms from the �eld of communications or simple codebook-based
electronic beamsteering to enhance the quality of the transmission between the RPAS and
the RPL or the probability of detection of other intruding aerial vehicles or obstacles.

The growing necessity for automation across all modes of transportation (on land, on
water, and in the air) has given rise to the demand for increasingly sophisticated and
fault-tolerant systems. It is imperative that these systems are capable of meeting these
requirements. In the �eld of aviation, the primary considerations are the reduction of
weight, the minimization of energy consumption, and the capacity to process a substantial
quantity of data from three dimensional (3D) space. Concurrently, the safety of all systems
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is of greater interest compared to road-based transportation, as a failure or misbehavior
has a much greater impact.

This work was initially motivated by the objective of reducing the mutual interference
between independent colocated RF systems on board of an autonomous aerial vehicle (AAV).
Upon completion of the research, a comprehensive overview of the various approaches to
optimizing the individual subsystems, and ultimately a system design for a common JCAS
system, was presented.

Directions for Future Work

The �eld of electronically steered antenna arrays could provide new solutions of utilizing
multiple simultaneous beam directions by superimposing weight vectors. The present
approaches are constrained to a single beam direction at a time, but enabling multiple
beam directions simultaneously could lead to improved system performance, �exibility,
and coverage. This extension could be particularly bene�cial in scenarios requiring
multi-target tracking or simultaneous communication with multiple users. The investigation
of e�cient algorithms for weight vector optimization, the minimization of interference
between simultaneous beams, and the evaluation of the trade-o�s between complexity and
performance will be crucial directions for future research.

The domain of JCAS systems persists in o�ering a substantial expanse for innovation
and optimization. Future research endeavors may concentrate on the development
of sophisticated signal processing techniques that enhance system performance while
preserving computational e�ciency. Adaptive �ltering and interference mitigation
strategies hold particular promise in dynamically changing environments, where robust
sensing and reliable communication must coexist. Another critical area of exploration
involves optimizing waveform design to address the mentioned challenges of high PAPR
and spectrum utilization constraint. The integration of innovative waveform schemes that
balance sensing and communication requirements could lead to improved overall e�ciency.
Moreover, hardware developments, including the design of compact and energy-e�cient
antenna arrays and integrated circuits, will be essential in facilitating the widespread
deployment of JCAS technology. The integration of JCAS with multi-mode multi-port
antennas (M3PAs) and advanced waveform strategies represents a promising direction
for the evolution of next-generation aviation systems. This approach not only addresses
the challenges of limited spectrum availability and spatial constraints but also enhances
overall system robustness and multi-functionality. The insights gained from current
research underscore the necessity for sustained development in these domains to fully
leverage the advantages of JCAS in emerging aviation applications, including UAM
and beyond. As aviation systems continue to evolve toward higher levels of autonomy
and operational e�ciency, the seamless integration of JCAS and M3PAs will be pivotal
in supporting high-precision navigation, real-time situational awareness, and reliable
air-to-ground communication. Furthermore, expanding the application domains of JCAS
beyond conventional use cases, such as integrating the technology into fully-autonomous
systems, smart infrastructure, and next-generation vehicular networks, may further unlock
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its potential. Exploration of alternative waveform designs that integrate the bene�ts
of OFDM and DFT-spread OFDM is also recommended to enhance both sensing and
communication performance while achieving higher data rates. Future research should also
consider the impact of regulatory and standardization e�orts on the widespread adoption
of these technologies, ensuring that their deployment aligns with the safety and reliability
requirements of next-generation aerial networks.

By addressing these challenges and opportunities, future advancements will contribute
to the development of more intelligent, e�cient, and adaptive wireless communication and
sensing systems in the aviation domain and beyond.
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A
Notation

A.1 Mathematical Notations

Throughout this thesis, vectors and matrices are presented as bold-face lower-case and
upper-case charactersx and X , respectively. Thei -th entry of a vector is denoted asx i

and the entry in the i -th row and j -th column of a matrix is written as x ij . The i -th column
of a matrix X is referred to asX i . Furthermore, (:)T is the matrix transpose operator,(:)H

is the conjugate transpose operator,(:)* is the complex conjugate operator, andvec(X )
is the column-wise vectorization of a matrixX . The �ooring operation is denoted by
b:c, where the operand is rounded down to the next smaller integer number.1N denotes
a column vector of lengthN with unity entries, and 0N denotes a corresponding vector
with zero entries. For a diagonal matrixX ,

p
X denotes the element-wise square-root

operation applied to the diagonal elements. The notationx 
 y denotes the Kronecker
product between the vectorsx and y . The expressionU� a describes a uniformly distributed
random variable in the interval [� a;+ a]. Finally, j =

p
� 1 denotes the imaginary unit.

A.2 List of Acronyms

2D Two dimensional . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6, 40, 55, 56, 60, 63, 69, 142
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V Analog phaseshifter beamsteering matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . .34, 45

v Analog phaseshifter beamsteering vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

W Number of taps in a discrete channel model . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

X OFDM symbols in frequency domain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151, 156

~x Estimation result for reconstruction of a system of linear equations . . . . 158
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B
Compressive Sensing Algorithms

Compressive sensing (CS) estimates the input~x of the underdetermined linear system of
equations

y = A ~x + � ; (B.1)

where the number of equations is signi�cantly lower than the number of variables. Especially
with y 2 CN � 1, A 2 CN � P , x 2 CP � 1 and P � N .

B.1 Orthogonal Matching Pursuit

The implementation of the orthogonal matching pursuit (OMP) algorithm in this thesis is
based on [CW11].

Algorithm 1 Orthogonal Matching Pursuit
1: r 0  y
2: X (c0)  0
3: for i  1 to K do
4: ci  max

t

�
�
�A H

t r i � 1

�
�
�

5: Pi  X (ci ) (X (ci )0X (ci ))
� 1 X (ci )0

6: r i  (1 � Pi )y
7: end for

B.2 Iterative Hard Thresholding

The implementation of the iterative hard thresholding (IHT) algorithm in this thesis is
based on [BD08].
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Algorithm 2 Iterative Hard Thresholding

1: ~x (0)  0
2: for i  1 to K do
3: ~x (i )  H

�
~x (i � 1) + A

T
�
y � A ~x (i � 1)

��

4: end for

5: function H(x l )
6: if jx l j >

p
K then

7: return x l

8: else
9: return 0

10: end if
11: end function
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C
Physical Optics

The received power at an arbitrary antenna array is estimated utilizing three distinct aspects
of the complete system: First, the two-dimensional transmit (Tx) and receive (Rx) antenna
gain patterns in azimuth and elevation,Gt (�; � ) and Gr(�; � ) are incorporated, respectively.
These are related to the ray tracing electric �eld strength emitted and received at each
antenna element. Second, the free-space propagation properties of the radio frequency (RF)
wave, based on the frequency used by the system, are employed. Third, the interaction
between an incident wave and the surface of the platform model is calculated based on the
dielectric properties of the material used. This last aspect estimates the energy re�ected
and absorbed by the material.

These three components enable the estimation of the received power at each antenna
array. Based on the received power, the e�ects of the backscattering originating from
the platform itself can be determined. This might either result in receiver ampli�er
or analog-digital-converter (ADC) clipping due to higher amplitude echos received from
close-by re�ecting surfaces, or in shadowing of angular regions within the FoV due to a
deformation of the antenna gain pattern.

The system model considered within the scope of this thesis includes a platform model
in computer aided design (CAD) format with a surface represented by a triangle mesh in
standard triangle language (STL). The resolution of the model can be varied to �nd a
balance between the accuracy of the calculated re�ectivity and the associated computational
complexity. The autonomous aerial vehicle (AAV) model shown in Fig. 6.2 shows a simple
platform with a central fuselage with a horizontal propulsion and a large gliding surface for
horizontal �ight paths. The platform under consideration was selected since it provides a
good basis for use in the autonomous transport of freight (delivery drones) and passengers
by air (future air taxies). For vertical takeo� and landing (VTOL) operation, two smaller
fuselages are housing four additional rotors. These rotors provide vertical lift and are
disabled during horizontal �ight operation. The position of the radar array(s) can be
parameterized freely and independent of the STL model, enabling di�erent con�gurations
to be tested. In Fig. 6.3, a detect and avoid (DAA) system in the nose of the central
fuselage comprises three antenna arrays for horizontal observation (with a combined �eld
of view (FoV) of approximately 180� ) and two additional arrays with boresight directions
pointing up- and downwards. A sixth array is placed at the back of the AAV to enable
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