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Abstract

Multiple-Input Multiple-Output (MIMO) radar systems employ multiple trans-
mit (TX) and receive (RX) antennas to enhance spatial resolution, target
detection, and signal-to-noise ratio, while enabling wide-area coverage with a
limited number of pulses. However, the overall performance of such systems
is often constrained by the characteristics of the antenna elements, including
their bandwidth, radiation pattern, polarization purity, and mutual coupling.
This is particularly critical in sub-6 GHz MIMO radar applications, where
lower carrier frequencies inherently limit operational bandwidth and impose
physical integration challenges.

This thesis describes the design, improvement, and experimental validation
of microstrip antenna elements developed for the Royal Military College of
Canada’s (RMC) monostatic MIMO radar platform. The work begins with
a review of recent advances in microstrip antenna and array design, focusing
on microstrip antenna characteristics such as impedance bandwidth, radiation
patterns, and mutual coupling. A review of microstrip antenna and feed-
network designs was conducted to identify suitable configurations for the radar
system. Based on their potential to satisfy the radar requirements, a circular
patch antenna and a proximity-coupled, series-fed subarray were selected as
the foundation for the design.

A proximity-coupled series-fed circular patch was designed for used in the
TX subarray and improved using full-wave electromagnetic simulations to
meet the radar operational requirements within the 5.25 — 5.925 GHz radar
frequency band and a 200 MHz bandwidth BW, including broad azimuth
coverage and a narrow elevation beamwidth. The simulated subarray achieved
a frequency of 5.75 GHz, a 180 MHz BW , a peak gain of 9.2 dBi in the E-plane
and 9.6 dBi in the H-plane, with measured half-power beamwidths H PBW s of
approximately 67.4° and 40.0°, respectively. Although the achieved bandwidth
was slightly below the target requirement, it resulted in a small decrease in
range resolution.

The antenna satisfied the desired radiation characteristics for the intended
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radar application. Therefore, three improved subarrays were fabricated and
experimentally characterized, and the measured results agreed well with the
simulations. The best fabricated antenna achieved a measured frequency range
of 5.66 — 5.875 GHz, corresponding to an impedance bandwidth of 215 MHz,
with a resonance frequency of 5.736 GHz. The antenna achieved a peak gain of
9.2 dBi in the E-plane and 9.6 dBi in the H-plane, with measured H PBW s of
approximately 50.9° and 33.6°, respectively. The measured radiation patterns
exhibited broad azimuthal coverage and a narrower elevation response, with
no distinct sidelobes identified in either plane.

The improved subarray was subsequently integrated into an eight-subarray,
forming the two-dimensional (2D) planar array RX antenna. The resulting
array achieving resonant frequencies between 5.719 and 5.728 GHz, impedance
bandwidths between 164 and 189 MHz, adjacent-element mutual coupling below
—18 dB, peak gains of at least 17.8 dBi, and front-to-back ratios greater than
26 dB. While the impedance bandwidth remained below the 200 MHz target,
the array achieved the required frequency, mutual-coupling, and radiation-
performance characteristics, making it suitable for sub-6 GHz MIMO radar
applications.
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Résumé

Les systemes radar a entrées multiples et sorties multiples (MIMO) utilisent
plusieurs antennes d’émission (TX) et de réception (RX) pour améliorer la
résolution spatiale, la détection des cibles et le rapport signal/bruit, tout en
permettant une couverture étendue avec un nombre limité d’impulsions. Cepen-
dant, les performances globales de ces systemes sont souvent limitées par les
caractéristiques des éléments d’antenne, notamment leur bande passante, leur
diagramme de rayonnement, leur pureté de polarisation et leur couplage mutuel.
C’est particulierement critique dans les applications radar MIMO inférieures
a 6 GHz, ou les fréquences porteuses plus basses limitent intrinsequement la
bande passante en impédance et posent des défis d’intégration physique.

Cette these valide la conception, ’amélioration et la validation expérimentale
d’éléments d’antenne a microruban adaptés a la plateforme radar MIMO mono-
statique du College militaire royal du Canada (CMR). Le travail commence
par une revue des avancées récentes en matiere de conception d’antennes
a microruban et de réseaux d’antennes, en mettant 1’accent sur leurs car-
actéristiques, notamment la bande passante en impédance, les diagrammes de
rayonnement et le couplage mutuel. Une analyse des conceptions d’antennes a
microruban et de réseaux d’alimentation a été menée afin d’identifier les con-
figurations adaptées au systeme radar proposé. Compte tenu de leur capacité
a répondre aux exigences du radar, une antenne microruban circulaire et un
sous-réseau a couplage de proximité et a alimentation en série ont été choisis
comme base de la conception.

Une antenne microruban circulaire a alimentation en série et a couplage de
proximité a été congue pour étre utilisée dans le sous-réseau émetteur (TX) et
améliorée a ’aide de simulations électromagnétiques en onde complete afin de
répondre aux exigences opérationnelles du radar dans la bande de fréquences
5.25 — 5.925 GHz et avec une largeur de bande de 200 MHz, notamment une
large couverture azimutale et une largeur de faisceau étroite en élévation.
Le sous-réseau simulé a atteint une fréquence de 5,75 GHz, une largeur de
bande de 180 MHz, un gain maximal de 9.2 dBi dans le plan E et de 9.6



dBi dans le plan H, avec des largeurs de faisceau & demi-puissance (HPBW s)
mesurées d’environ 67.4° et 40.0°, respectivement. Bien que la largeur de bande
obtenue ait été légerement inférieure a I’exigence cible de 200 MHz, ’antenne
répondait aux caractéristiques de rayonnement souhaitées pour ’application
radar prévue. Par conséquent, trois sous-réseaux améliorés ont été fabriqués
et caractérisés expérimentalement, et les résultats mesurés concordaient bien
avec les simulations. La meilleure antenne fabriquée a atteint une plage de
fréquences mesurée de 5.66 — 5.875 GHz, correspondant & une largeur de
bande d’impédance de 215 MHz, avec une fréquence de résonance de 5.736
GHz. L’antenne a atteint un gain maximal de 9.2 dBi dans le plan E et de
9.6 dBi dans le plan H, avec des H PBW s mesurées d’environ 50.9° et 33.6°,
respectivement. Les diagrammes de rayonnement mesurés présentaient une
large couverture azimutale et une réponse en élévation plus étroite, sans lobes
latéraux distincts identifiés dans aucun des deux plans.

L’antenne sous-réseau améliorée a ensuite été intégrée a un ensemble de huit
sous-réseaux, formant ainsi ’antenne réceptrice a réseau plan bidimensionnel.
L’antenne présente des fréquences de résonance comprises entre 5.719 et 5.728
GHz, des largeurs de bande d’impédance comprises entre 164 et 189 MHz,
un couplage mutuel entre éléments adjacents inférieur a —18 dB, des gains
maximaux d’au moins 17.8 dBi et des rapports avant-arriere supérieurs a 26
dB. Bien que la bande passante d’'impédance soit restée inférieure a la valeur
cible de 200 MHz, le réseau a atteint les caractéristiques requises en matiere
de fréquence, de couplage mutuel et de rayonnement, ce qui le rend adapté
aux applications de radar MIMO dans la bande inférieure a 6 GHz.
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Introduction

A multiple-input multiple-output (MIMO) radar employs multiple transmitting
and receiving antennas arranged in specific array configurations to improve
radar performance through spatial diversity and virtual array processing. The
characteristics of the antenna elements, including radiation pattern, polar-
ization, impedance bandwidth, efficiency, and inter-element coupling, funda-
mentally influence the overall system performance. In particular, the antenna
bandwidth directly determines the achievable range resolution, whereas the
radiation characteristics of the antenna array, including beamwidth, gain, and
sidelobe levels, govern angular resolution and clutter rejection performance
[1]. Furthermore, mutual coupling between array elements can modify the
excitation distribution and distort the radiation pattern, potentially reducing
the ability to discriminate between closely spaced targets.

Microstrip patch antennas (MPA), shown in Fig. 1.1, are widely used in
wireless communications due to their lightweight and low-cost planar structure
and ease of integration with printed circuit board (PCB) technology [2-4].
However, these antennas often exhibit narrow bandwidth and low gain, which
can limit a traditional radar system’s capabilities, particularly in sub-6 GHz
applications where bandwidth is constrained by lower carrier frequencies [2, 5].

To overcome these limitations, significant research has focused on wideband
and multiband microstrip antenna designs for communication systems. Various
techniques have been proposed to enhance bandwidth, reduce size, improve
impedance matching, reduce mutual coupling, and improve array performance.

1.1 Motivation

This thesis aims to design a transmit (TX) subarray antenna with a directional
radiation pattern, operating at sub-6 GHz frequencies with a 200 MHz band-
width, to enhance MIMO radar performance. This subarray antenna will then
be used to design a receive (RX) planar antenna array. This radar was first



1.2. Statement of Deficiency

| € Substrate

Ground plane

Figure 1.1: Rectangular MPA [5]

developed in 2021 and is used in the laboratory of the Royal Military College of
Canada (RMC) [6]. The university’s MIMO radar platform comprises software-
defined radio (SDR) front ends with eight transmit and eight receive channels
operating in the sub-6 GHz band. For laboratory experiments requiring a
directional radiation pattern with a specified beamwidth, low sidelobe levels,
and suppressed back radiation, antenna elements specifically designed to meet
the radar platform’s requirements are essential. These elements facilitate
accurate radar calibration, improve the quality of the measured radar data,
and support advanced processing techniques. This thesis aims to replace the
ultra-wideband (UWB) elements originally purchased to enable basic radar op-
eration. They currently introduce severe clutter because their omnidirectional
radiation pattern radiates backward and toward the ground.

Developing a custom antenna design provides an opportunity to align
the array’s electromagnetic characteristics with the radar’s signal-processing
and requirements of the MIMO radar system. In particular, designing a
compact antenna element with a 200 MHz bandwidth, a directional radiation
pattern, and controlled mutual coupling across the operational frequencies
would significantly enhance system performance.

1.2 Statement of Deficiency

The current laboratory MIMO radar system uses the Taoglas AccuraUWB
FXUWB20, a commercially available antenna developed for short-range UWB
communication systems. The Taoglas antennas are ultra-wideband (UWB)
omnidirectional elements [7], offering wide impedance bandwidths of 3.1 — 5.0
GHz 6.0 — 8.2 GHz and 8.2 — 10.3 GHz, high efficiency of (> 75%), and peak
gains of 4 — 5 dBi, in a compact, ground-plane-independent form factor. While



1.3. Thesis Statement

these characteristics are advantageous for consumer communication devices,
they do not meet the specific requirements of the RMC MIMO radar.

Collectively, these limitations indicate that the existing antenna system
is not well matched to the radar’s operational requirements. A purpose-
designed antenna element with a directional radiation pattern and constrained
bandwidth is therefore required to achieve the desired performance radiation
characteristics, polarization, and mutual coupling, thereby enabling accurate
and repeatable MIMO radar measurements in a laboratory environment.

1.3 Thesis Statement

A microstrip antenna array can be designed, fabricated, and tested to improve
the radiation performance of a MIMO radar. The antenna element will provide
a wide azimuthal and narrow elevation beamwidth with minimal back radiation,
a linear polarization, while maintaining stable impedance across a constrained
sub-6 GHz bandwidth. The desired performance will be achieved by balancing
directional radiation characteristics, specific bandwidth requirements, and
compact geometry, while accounting for the radar system’s specified constraints.

1.4 Methodology

The antenna design methodology follows a structured process that progresses
from requirements definition to experimental validation and system integration.
Initially, the theoretical principles underlying microstrip patch antennas and
antenna arrays for MIMO radar applications were investigated. Then, the
antenna specifications were established based on the radar system’s operating
frequencies, the bandwidth limitations of the software-defined radio (SDR)
platform, the desired array configuration, and practical laboratory constraints.
A literature review was then conducted to identify suitable antenna element
designs and array feed network architectures. For the antenna elements,
designs exhibiting characteristics relevant to the radar application, including
directional radiation patterns, compact size and narrowband performance, were
examined. For the array feed networks, architectures that consider compactness,
low implementation complexity, and fabrication simplicity requirements were
considered. Following the selection of an antenna element design and an array
feed network architecture, parametric studies and full-wave electromagnetic
simulations were conducted. The antenna was modified and improved to meet
the TX antenna’s design specifications. This improved TX subarray antenna is
subsequently incorporated eight times to form a 2D planar RX array The array
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was simulated to evaluate its mutual coupling, radiation characteristics, and
inter-element spacing requirements. The subarray design was then fabricated
using available manufacturing processes, and experiments were conducted. The
measured results were compared with simulation data to validate the design
methodology and quantify performance improvements.

1.5 Contributions

The TX subarray antennas provide the following contributions:

e Improvement of a microstrip antenna design operating at 5.75 GHz. The
design jointly satisfies the broad azimuth-beam, narrower elevation-beam
radiation pattern and narrowband operating requirements, together with
the physical spacing limitations imposed by the MIMO radar array
architecture.

e Development of an improved series-fed network incorporating proximity-
coupled branches, designed to distribute power and to achieve the desired
excitation taper among the array patches.

e Implementation of a compact subarray at 5.75 GHz that can be integrated
into a 1 x N configuration to form a two-dimensional planar array, with
an inter-subarray spacing of \/2 = 26.1 mm.

1.6 Organization

This thesis is organized into six chapters, including this introduction chap-
ter. Chapter 2 provides a comprehensive review of the relevant literature on
microstrip antenna fundamentals, focusing on key antenna parameters, array
theory, and MIMO radar concepts. It also establishes the antenna design
requirements, based on the specifications of the RMC MIMO radar platform
and current antenna specifications, thereby establishing the operational con-
text and performance targets. Literature-based antenna and feed network
designs are then evaluated against these requirements, and both an antenna
and a network feed design configurations were selected as the starting point
for further development and tuning steps.

Chapter 3 presents the design and improvement of the TX subarray an-
tenna. Beginning with the selected antenna and network feed configurations,
various techniques are applied to achieve the specified design requirements.
The simulated electromagnetic performance of the improved subarray is also
presented and analyzed with respect to the established design specifications.
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Chapter 4 presents the design of the 2D planar antenna. The chapter begins
by incorporating the subarray antenna configuration into a 2D planar RX
array, followed by parametric studies of the array geometry’s relevant design
parameters. The resulting simulated antenna performance is then presented
and evaluated against the design specifications.

Chapter 5 presents the fabrication process of the TX subarray antennas,
measurement procedures, and corresponding measurement results. The mea-
sured results are compared with the corresponding simulation results to assess
the performance of the fabricated antenna.

Chapter 6 summarizes the research findings and discusses potential di-
rections for future work. The appendix provides supporting MATLAB code
and analysis tools used for array simulations and beam pattern calculations
discussed in Section 2.6.1.



Literature Survey

This chapter reviews the theoretical concepts relevant to the design of a
microstrip patch antenna for a MIMO radar system. The objective of this
review is to provide the theoretical foundation necessary to establish the
antenna performance requirements, identify suitable antenna architectures
from the literature, and support the design and tuning procedures presented
in subsequent chapters.

In Section 2.1, the fundamental characteristics of microstrip patch antennas
are introduced, including their radiation properties, impedance behaviour,
bandwidth limitations, efficiency, and array integration considerations. In
Section 2.2, common feeding techniques and feed network architectures are then
reviewed, with emphasis on series-fed and corporate-fed structures suitable for
compact antenna arrays. Next in Section 2.3, antenna array theory is presented
to describe how multiple antenna elements can be combined to achieve desired
radiation characteristics. The principles of phased-array and MIMO radar
systems are discussed in Section 2.4, highlighting the relationship between
antenna geometry, virtual array formation, angular resolution, and sidelobe
performance. Section 2.5 specifies the antenna requirements imposed by the
RMC MIMO radar platform and the limitations of the currently deployed
antenna system. In Section 2.6, antenna performance targets are established
based on these system requirements, including operating frequency, bandwidth,
radiation pattern characteristics, mutual coupling constraints, and physical
size limitations. Furthermore, representative microstrip patch antenna designs
reported in the literature are reviewed and evaluated against these requirements.
The most promising configurations are identified to serve as the starting point
for the antenna development.
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Figure 2.1: Representative shapes of microstrip patch elements [2]

2.1 Microstrip Patch Antenna Characteristics

As illustrated previously in Fig. 1.1, an MPA consists of a thin metallic patch
element, typically made of copper, which can take any planar shape. A patch is
placed on a dielectric substrate, which is mounted on a metallic ground plane.
Fig. 2.1 shows some typical shapes of a patch, with the most common shapes
for ease of design and analysis being square, rectangular, dipole and circle [2, 5].
Substrates commercially available have dielectric constants €, ranging from 2.2
to 12. Thicker substrates with lower €, are preferred since they provide a larger
bandwidth and better radiation into free space [5, 8]; however, this comes at
the cost of increased element size [5]. Various input parameters are available for
antenna design, including its physical size and element spacing in a microstrip
array. Output parameters, such as input impedance, impedance bandwidth
and radiation efficiency, are used to evaluate the antenna performance.

2.1.1 Input Reflection Coefficients

Scattering parameters, or S-parameters for short, characterize an antenna’s
voltage reflection and transmission coefficients. For an N-port antenna system,
the reflection coefficients at the individual ports are represented by |S11|, | S22/,
.., |Sii|, where |S| is the magnitude of the S-parameter and ;; identifies the
reflection coefficient at port i. |S;;|? describes the proportion of signal power
reflected at different ports, providing information about impedance matching.
The voltage reflection coefficient of the antenna is defined as [5]:

(2.1)

where Z;,, is the input impedance of the antenna, which varies as a function of
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Figure 2.2: |S11| responses versus frequency plot, adapted from [9]

frequency, and Zj is the characteristic impedance of the feed line at the port.
S-parameters are expressed in dB using this formula:

QOIOg’SH’. (22)

When plotted against frequency, the |S11| curve evaluates the antenna’s
impedance matching to the feed line, specifying the amount of reflected signal,
as shown in Fig. 2.2. A wvalue close to 0 dB indicates poor impedance
matching, leading to high reflection and minimal power transfer to the antenna.
Conversely, an |S11| value of —10 dB or lower is the minimum acceptable
threshold, implying that at least 90% of the power is coupled to the antenna
[5].

Voltage Standing Wave Ratio VSWR is a metric similar to |Si1| that
assesses the impedance mismatch between a patch antenna and its source.
VSWR is closely related to the reflection coefficient and is defined as [5]:

1+ |S11]
1—1S11]

A VSWR of one indicates a perfect match, indicating that the input
impedance at the feed point equals the source impedance. A value of 2 or
lower, which is equivalent to |S11| of —10 dB or lower, is considered acceptable
for most applications.

VSWR = (2.3)
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2.1.2 Impedance Bandwidth

The IEEE Standard defines the antenna’s bandwidth as “the range of fre-
quencies within which the antenna’s performance conforms to the specified
standard with respect to some characteristic” [10]. The impedance bandwidth
BW is the range of frequencies for which the VSW R or S-parameter falls
within a specified range. When the reflection coefficient is plotted against the
frequency, the curve within the acceptable |Si;| range of —10 dB or lower,
or VSW R below 2, defines the antenna’s impedance bandwidth. The BW
can be expressed as a percentage of the center frequency foy, called fractional
bandwidth FFBW and is expressed as:

fo—fi
Jo
where f is the upper frequency and f; is the lower frequency of the bandwidth.

FBW =

x 100% (2.4)

2.1.3 Antenna Radiation Efficiency

The IEEE Standard defines radiation efficiency as “the ratio of the total power
radiated by an antenna to the net power accepted by the antenna from the
connected transmitter” [10]. This ratio is often expressed as a percentage,
where a higher percentage indicates greater antenna efficiency in converting
the net power accepted into radiated electromagnetic signals. Conductive and
dielectric losses lower the efficiency.

2.1.4 Radiation Pattern

The IEEE Standard defines a radiation pattern as “the spatial distribution of a
quantity that characterizes the electromagnetic field generated by an antenna’
[10]. A microstrip patch is usually designed to produce maximum radiation
in the broadside direction, meaning the electromagnetic waves propagate
perpendicular to the patch. For a conventional microstrip patch, this radiation
characteristic is primarily achieved by selecting the appropriate excitation mode
beneath the patch, which determines the electromagnetic field distribution [5].
For this thesis, the antenna radiation pattern is taken in the far-field region,
where the observation point is far enough from the antenna that the angular
distribution of the radiated fields becomes independent of radial distance.
The radiation pattern describes the spatial variation of the radiated electro-
magnetic field or power as a function of direction and is commonly represented
using a polar plot, as shown in Fig. 2.3. In such a plot, the angular coordinate
specifies the direction of observation, usually expressed in degrees, while the

)
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270

Figure 2.3: An omnidirectional pattern (dBi)

radial coordinate represents the magnitude of the radiated quantity, typically
expressed as an absolute or normalized value. When antenna gain is referenced
to an isotropic radiator, it is expressed in decibels isotropic (dBi). Depending
on the antenna design, the radiation pattern may exhibit different characteris-
tics. For example, an omnidirectional antenna produces approximately uniform
radiation in all directions within a specified plane, as illustrated in Fig. 2.3.

Another example is a directional radiation pattern; it produces a more
focused pattern characterized by a strong main lobe and weaker sidelobes, as
shown in Fig. 2.4. The strongest lobe, observed as the peak on the radiation
pattern, indicates the direction of maximum radiation, also known as the
main lobe. This direction can be described by the main-lobe angle and its
corresponding peak gain. When the radiation pattern reaches the center of the
polar plot, corresponding to a radius of (0), the plotted radiation quantity has
a null in that direction, indicating where the antenna does not radiate. Smaller
lobes, observed as peaks in directions other than the main lobe, are called
sidelobes and are generally undesirable because they represent radiation in
directions other than the intended main-beam direction. In a MIMO radar, high
sidelobes can cause clutter and angular ambiguity caused by strong scatterers
located in the sidelobes instead of the main lobe. The relative peak of the
largest sidelobe with respect to the main lobe peak is commonly quantified
using sidelobe level (SLL), defined as:

SLL(dB) = Psidelobe(dBi) - Pmainlobe(dBi) (25)

10
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Figure 2.4: Radiation pattern with back radiation sidelobes (dBi) [9]

where Pi;geiobe is the peak power of the highest sidelobe and P,giniobe is the
peak power of the main lobe. A more negative SLL indicates better suppression
of unwanted radiation.

2.1.5 Beamwidth and Half-Power Beamwidth

Beamwidth is the general angular width of an antenna’s main radiation lobe.
Half-Power Beamwidth HPBW is a standardized measure defined by the
IEEE Standard as “the angle between the two directions in which the radiation
intensity is one-half the maximum value” [10]. Equivalently, these directions
correspond to the —3 dB (half-power) points relative to the peak radiation
intensity. For a uniform linear array (ULA), the HPBW at boresight is
therefore defined as the angular separation between the two —3 dB points 0345,

given in radians by [11]:

0.88X
Osap ~ —— (2.6)

where L is the aperture length in wavelengths and A is the wavelength in
meters. The aperture length L represents the physical extent of the antenna

11
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array in one dimension, which determines the beamwidth of the main lobe in
the same plane.

2.1.6 Front-to-Back Ratio

The front-to-back (F/B) ratio is defined as the ratio of the maximum radiation
intensity in the main-lobe direction to the radiation intensity in the rearward
direction [10]. It quantifies the antenna’s ability to suppress radiation behind
the antenna relative to the intended forward direction and is typically expressed
in decibels (dB). A higher F/B ratio reduces unwanted interference from behind
the antenna.

2.1.7 Antenna Physical Size

Typically, compact antennas are lower-cost and offer greater adaptability,
including the ability to be integrated into antenna arrays, such as MIMO
arrays. Reducing the antenna’s size can lead to reduced bandwidth and gain
[12]; however, various techniques exist to mitigate these effects to some extent.
The spacing requirements between elements for antenna arrays and MIMO
arrays are discussed in Sections 2.3 and 2.4, respectively.

2.1.8 Antenna Element Spacing and Mutual Coupling on a
Microstrip Array

In some microstrip antenna designs, the antenna consists of multiple radiating
patches to achieve the desired characteristics. In a uniform array, the physical
spacing d between radiating elements remains constant, as shown in Fig. 2.5,
but as the frequency increases, the electrical spacing, measured in wavelengths
A, increases. This change affects the array’s radiation pattern and mutual
coupling. In an array, |\S;;| represents the transmission coefficient from port j
to port 4, indicating the amount of signal received at port ¢ when transmitted
from port j. This is referred to as mutual coupling, which evaluates the
electromagnetic interactions between an antenna and another antenna. Due to
the reciprocity of mutual coupling between antennas |.S;;| equals |Sj;|. Mutual
coupling is usually undesirable because it changes the current distribution on
the antenna, thereby changing its radiation pattern. Mutual coupling can also
introduce additional reflections into the feed lines, potentially interfering with
other antennas. Therefore, the value of the mutual coupling must be kept as
low as possible.

When the inter-element spacing d is greater than 0.5\, the radiation pattern
becomes susceptible to grating lobes, with visible grating lobes always occurring

12
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Figure 2.5: Inter-element spacing on a microstrip array, adapted from [13]

if d > A [5]. Grating lobes are unwanted radiation pattern maxima in directions
other than the main lobe [4, 5]. These grating lobes introduce clutter and
reduce the overall radiation of the main lobe located in the desired direction
of propagation [5]. Therefore, the distance between elements d < 0.5\ can be
seen as the limit for preventing grating lobes.

2.2 Feeding Method and Network

A feeding method defines how electromagnetic power is transferred from an
input port, typically with a 50 €2 characteristic impedance, to the microstrip
patch elements. The choice of feeding method directly influences the antenna’s
impedance matching, bandwidth, polarization purity, fabrication complexity,
cost, and size. Consequently, selecting an appropriate element excitation
technique is a critical step in microstrip patch antenna design. The feeding
methods, shown in Fig. 2.6, are (a) microstrip line feed, (b) coaxial probe feed,
(c) aperture-coupled feed, and (d) proximity-coupled feed.

In the coaxial feed method, the outer conductor of the coaxial cable is
connected to the ground plane, and the inner conductor is connected to the
patch through a via in the substrate. The microstrip line feed is a conducting
strip narrower than the patch, fabricated on the same substrate and connected
to the patch’s edge. The proximity-coupled feed consists of a feed line placed
between two dielectric substrates. The patch is located on top of the upper
substrate, enabling electromagnetic power coupling transfer and reducing the
spurious radiation from the feed [2]. The aperture-coupled feed is a metallic
ground plane with an aperture slot between two dielectric substrates. Under

13
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Figure 2.6: Patch antenna feeding methods: (a) line feed, (b) probe-feed, (c)
aperture-coupling, and (d) proximity-coupling [5]

the ground plane, the line feed is perpendicular to the aperture slot, providing
electromagnetic power coupling between the line feed and the microstrip patch
on top where the slot is located. Among the feeding techniques discussed,
proximity coupling generally provides a BW approaching 13%, whereas the
remaining methods typically achieve BW's on the order of 5% or less [2].

While the feeding method determines how power is delivered to the ra-
diating elements, the feed network governs how power is distributed among
multiple elements in an antenna array. The feed network establishes the am-
plitude and phase excitation of each element, thereby controlling key array
characteristics such as gain, directivity, beam shape, sidelobe levels, and scan-
ning performance. Proper feed network design is therefore essential to ensure
efficient power transfer, achieve the desired radiation characteristics, and min-
imize energy reflection back to the source. However, trade-offs exist among
impedance matching, antenna size, fabrication complexity, and achievable
radiation-pattern characteristics, such as gain and directivity, as determined
by the feed-network configuration. They may be implemented using series-fed,
parallel-fed (corporate-fed), or hybrid feed structures.

In a series-fed array, shown in Fig. 2.7(a), the first patch extracts a portion
of the input power, while the remaining power continues along the feed line to
excite subsequent elements through progressive coupling [14]. When all patches
in a series-fed array are identical, a natural phase progression still occurs along
the structure because the excitation is derived from a travelling wave on the feed
line. Consequently, the phase of the coupled excitation varies with the electrical
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Figure 2.7: Feed arrangements for microstrip patch arrays [5]

distance from the input port, resulting in a progressive phase shift between
adjacent elements. The current amplitude distribution is established through
distributed coupling, whereas the phase distribution is primarily determined
by the electrical distance between successive coupling points. Consequently,
amplitude and phase excitations are inherently coupled, making independent
control more challenging than in corporate-fed architectures.

A corporate feed array is shown in Fig. 2.7(b). Power dividers split a
single input signal into multiple paths to feed different antenna elements in an
array. The corporate feed network is designed by controlling the impedance
transformation and branch dimensions at each junction to achieve the desired
power distribution and current amplitude taper across the array. Furthermore,
because each element is supplied through an independent feed path, the
phase excitation can be controlled by adjusting the electrical length of the
corresponding transmission lines. A quarter-wavelength transformer can be
used within the coupling branches to provide impedance matching to the
common feed line. However, the increased complexity of the corporate feed
network could result in a larger overall antenna size and reduced compactness.

2.3 Antenna Array Theory

A single antenna often cannot meet the requirements of a specific radiation
pattern or scan a specific field of view. By combining multiple individual
antenna elements, a desirable radiation beam pattern is created in space [15].
The spacing of each transmitting antenna or each receiving antenna forms an
array, where its radiation patterns can be shaped using these controls: the
configuration of the antenna array, spacing between antennas, phase, amplitude
and pattern of the individual antennas [5]. The antenna array can be configured
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Figure 2.8: N-element linear array [5]

as a uniform linear array (ULA) or a planar array. In a ULA, identical elements
are arranged in a line, enabling beam steering in only one plane. An N-element
linear array is shown in Fig. 2.8, where d is the distance between elements.

The array factor is determined by the array geometry, and the relative
phases and amplitudes. As a result, the array’s influence can be analyzed
independently of the element radiation pattern by representing each element as
an isotropic point source [5]. Then, the total field is obtained by multiplying
the individual antenna’s field (pattern) and its array factor AF. This product
is also called pattern multiplication for arrays of identical elements. This total
field is defined as [5]:

ﬁTotal = EI?’Ldividwzl element X AFIsotropic sources (27)

A two-dimensional (2D) Uniform Rectangular Array (URA) is an example
of a planar array formed by arranging M-elements along the z-axis and N-
elements along the y-axis, resulting in a total of M x N elements, as shown in Fig.
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Figure 2.9: M x N planar array [5]

2.9. This configuration extends radiation pattern control to two dimensions,
namely the azimuth and elevation planes, enabling full 2D beamforming.
The total AF' is obtained by separating the array into its x- and y-direction
components and multiplying the resulting two AF's. To suppress the formation
of grating lobes in both z-z and y-z planes, the inter-element spacing in the
x- and y- directions must be properly constrained [5]. The element spacing is
selected to be less than half a wavelength, such that d, < 0.5\ and d, < 0.5,
where d, and d, denote the spacing between adjacent elements along the z-
and y- direction, respectively.

2.4 Phased Array and MIMO Radar Theory

Phased array radar consists of multiple antenna elements arranged in an array
configuration, allowing for electronic beam steering without physically moving
the antenna. To do so, amplitude and phase shift weighting are applied to shape
and steer the beam [16]. The phase shift applied to each element determines the
steering angle 0, as shown in Fig. 2.8 [16]. In contrast, the shape of the beam
depends on the antenna element, the scan angle, the spacing between each
element and the amplitude applied to each element, as the beamwidth generally
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increases at larger scan angles [16]. This technique enables constructive and
destructive interference, creating and directing a focused beam toward a desired
angle.

MIMO radar usually has dedicated, spatially separated transmit (TX) and
receive (RX) arrays, enabling the receive processor to construct the pattern
[16]. A radar exhibits a two-way radiation pattern, which is the product of the
one-way transmit and one-way receive patterns. The two-way beam pattern is
usually narrower than the one-way pattern because the aperture encompasses
both transmit and receive elements. MIMO radar has two configurations. In
the first, the transmitters and receivers are located at the same site, typically
within a few meters of each other, and are referred to as monostatic radar.
In the second, the transmitters and receivers are located at different sites,
often separated by several kilometres, and are referred to as distributed radar.
This survey paper focuses on monostatic MIMO radar operating at frequencies
below 6 GHz.

In Code Division Multiplexing (CDM), each of the MIMO radar’s radiating
antennas transmits unique independent orthogonal waveforms simultaneously
[16]. Because of the different phase shifts associated with the various propaga-
tion paths between the antennas and targets, the MIMO receiving elements
gather a wide range of spatially diverse copies of both transmitted and re-
flected signals. Since the transmitted waveforms are orthogonal to each other,
MIMO radar can distinguish waveforms from each transmit/receive path using
matched filters, allowing for separate identification and processing of wave-
forms that have travelled unique paths between each transmit and receive
antenna [16]. Each matched filter is designed to correspond to only one of the
transmitted waveforms. Advanced signal processing techniques are used to
process all transmit /receive signal path combinations for demultiplexing and
beamforming at the receiver [16].

In a radar, the spatial convolution of the TX array and RX array antenna
locations creates a so-called virtual array, which illustrates all of the avail-
able unique paths between the TX and RX antennas [16]. An array of M
transmitting elements and N receiving elements has a corresponding virtual
array of up to M N elements; M N paths are established for the return signal
originating from the target. A MIMO radar virtual array with a 2-element
TX array separated by a distance of 4d and a 4-element RX array separated
by a distance of d is shown in Fig. 2.10 [15]. For a target assumed to be at
an azimuth angle 6, the phase of the received signal will consist of a linear
progression at the receiver elements, with the phase shift received from TX1
being 0, ¢, 2¢, and 3p. Since TX2’s signal travels a distance four ¢ units
greater than TX1, its phase progression at the same receiver is 4¢, 5p, 6¢
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Figure 2.10: MIMO radar virtual array [15]
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and 7p. Concatenating the received signals yields the same configuration as
a uniform linear array with one TX and eight RX antennas [15]. Since the
incident angle of the wavefront 6 (rad) is measured from the boresight, the
phase shift ¢ between adjacent antennas can be expressed as [15, 16]:

p = Pd sin 0 (2.8)

where 8 = 27 /\; A is the wavelength (in meters) and d is the distance between
the RX antenna elements (in meters) [15].

2.5 MIMO Radar and Antennas Specifications

The initial work focused on the design, fabrication, and experimental validation
of a MIMO Radar at the Royal Military College of Canada (RMC) in April
2021 [6]. The MIMO radar operates over a frequency range of 3 MHz to 6 GHz
and incorporates eight TX and eight RX channels. Each channel supports a
bandwidth of 200 MHz.

The existing radar employs Taoglas Accura Ultra-Wideband (UWB) FX-
UWB20 antennas, selected for its operational frequency of fo = 5 GHz and the
use of the complete 200 MHz bandwidth of the radar channel [6]. Table 2.1
summarizes the principal antenna parameters relevant to the radar application,
including the operational frequency range, peak gain, and radiation coverage
for each band. Band 1 covers 3.1 — 5.0 GHz, band 2 6.0 — 8.2 GHz and band 3
8.2 — 10.3 GHz. Across these bands, it provides peak gains between 4 — 5 dBi
and exhibits an omnidirectional radiation pattern.

To assess the Taoglas antenna for operation near the radar fy, a network
analyzer was used to measure the antenna response over a frequency sweep
from 4 to 6 GHz. The measured reflection coefficient exhibits a value of
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Table 2.1: Taoglas UWB FXUWB20 specifications

Parameter Band 1 Band 2 Band 3

Operational 3.1-5.0 6.0 — 8.2 8.2—-10.3
Frequency
(GHz)
Peak Gain 5 4 5
(dBi)
Radiation omnidirectional omnidirectional omnidirectional
coverage

|S11| = —12.92 dB at fo = 5 GHz, as shown in Fig. 2.11 [6]. The measured
response indicates that the antenna is impedance matched near 5 GHz, although
the matching deteriorates toward the upper edge of the 3.1 —5.0 GHz operating
band. The Taoglas antenna has a rejection band for 5.8 GHz to suppress WiFi
bands [7]. In the measured response, this rejection band appears as an increase
in |S11| between 5 — 6 GHz.

The radiation characteristics are illustrated in Fig. 2.12, which presents
the E-plane and H-plane patterns at 3, 4, and 5 GHz, and in Fig. 2.13, which
shows the three-dimensional omnidirectional radiation pattern at 6.5 GHz [7].

Several deficiencies are present in the existing antenna configuration. First,
the antenna exhibits an omnidirectional radiation pattern, causing signals
received from behind the radar to appear as clutter on the opposite bearing
within the field of view. To counter this problem, antenna elements were
placed on a radar-absorbing backplane; however, this results in a loss of
approximately half of the radiated power due to back radiation, thereby
reducing the radar’s range and often introducing additional pattern distortions.
Additionally, mutual coupling was not provided. The close placement of
omnidirectional elements can lead to high mutual coupling, which adversely
affects channel isolation and array calibration. Moreover, although the antennas
are inherently ultra-wideband, the radar’s constrained channel bandwidth
prevents full exploitation of this range. As a result, the achievable range
resolution is limited by the system bandwidth rather than the antenna’s full
bandwidth.
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Figure 2.11: Taoglas Antenna |S11| measurement using the network analyzer
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Figure 2.13: Taoglas Antenna 3D radiation pattern [7]

2.6 Antenna Design Requirements

This section presents the antenna design requirements used for developing the
MIMO radar antenna and comprises two subsections. First, the key antenna
specifications derived from the system requirements are defined. Second,
relevant microstrip patch antenna configurations and array network designs
reported in the literature have been reviewed and evaluated against these
specifications. Based on this assessment, a suitable antenna design and array
network design were identified and selected as the starting point for further
design refinement and improvement.

2.6.1 Defining the Design Specifications

This section establishes the operating frequency, array constraints, and desired
radiation characteristics. Two antenna configurations are designed: a subarray
antenna for TX and a 2D planar array for RX. The planar array consists
of 8 subarrays on a single finite ground plane. For this section, the design
requirements apply to both antennas unless specifically noted.

First, the operational frequency was set to approximately 5.75 GHz, with
a target bandwidth of 200 MHz. Section 2.6.1.1 discusses the rationale for this
selection. Another key requirement is that the TX antenna elements remain
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sufficiently compact to allow integration into an 8 T X x 8 RX array without
excessive mutual coupling. Two preferred inter-element spacings have been
retained for the array design: TX =4\, RX = 0.5\ and TX = 4\, RX =
0.8)\. These configurations represent a trade-off among antenna element size,
grating-lobe control, and virtual array aperture. The TX subarray antenna
must be designed with one of these spacing configurations to allow integration
into the RX planar antenna, while maintaining the specified performance
targets, as further discussed in Section 2.6.1.3.

The desired radiation pattern of the TX subarray antenna is directional,
with sidelobe levels < —15 dB and low back radiation, with a preferred front-to-
back ratio of > 20 dB. In the azimuth plane, a wide forward-looking beamwidth
of up to 180° and a narrower beam in the elevation plane, 25° — 75° is preferred.
For further discussion, refer to Section 2.6.1.2. Since the azimuth and elevation
beamwidths are general terms, the standardized parameters of peak gain, peak
angle and H PBW s will be used to compare simulated and measured values.

These targets, summarized in Table 2.2, serve as benchmarks for evaluating
candidate designs and identifying the modifications required to meet the radar’s
operational needs. Based on these specifications, antenna designs from the
literature have been selected for further investigation. Each candidate is
assessed for its potential to satisfy the required frequency band, radiation
characteristics, and physical constraints.

2.6.1.1 Selecting the Antenna Frequencies

A conventional microstrip patch antenna exhibits limitations such as narrow
impedance bandwidth, low gain, and relatively large physical size at lower
operating frequencies [2, 5]. These characteristics directly influence radar
system performance, particularly in terms of range resolution and array inte-
gration. The range resolution is the ability to separate between closely spaced
objects. The range resolution of a radar system is inversely proportional to
the antenna’s operational bandwidth. It is defined as [17]:

(2.9)

) c
range resolution = T BW
where ¢ is the speed of light in m/s, and BW is the bandwidth in Hz.
For example, a conventional MPA with a bandwidth of around 1% at 6
GHz would achieve a range resolution of approximately 2.5 m; with 10% BW
the range is 0.25 m. Achieving finer range resolution requires a wider antenna
bandwidth, motivating the development of a wideband design for MIMO radar.
However, the radar system has only a 200 MHz BW per channel, corresponding
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Table 2.2: TX and RX Antennas performance targets for the MIMO radar

application

Parameter

Target Value

Notes

Radar Frequency

Band

Operational

Frequency
Bandwidth

S-parameters |.S;;|

Width of element
and array feed

network

5.25 —5.925 GHz

5.75 GHz

~ 200 MHz
(3.5%)

<—-10dB

Compact for 2D
planar array

Preferred for compact Size
Preferred for compact size

Matches SDR channel BW
limit
Across operational band for

all antennas

Suitable for 8 x 8 array

Polarization

TX Sidelobe
Level

TX Azimuth
HPBW

TX Elevation
HPBW

TX F/B Ratio
(optional)

Linear
< —-15dB in
azimuth and
elevation
between 40° — 80°
at boresight
between 15° — 60°
at boresight

maximize,
optimal> 10 dB

Suppress clutter

Forward coverage
Avoid floor/ceiling clutter

Minimize back radiation

RX Mutual
Coupling |S;;|
RX F/B Ratio

(optional)

<—-15dB

maximize,

optimal> 20 dB

Between adjacent elements in
the RX planar antenna

Minimize back radiation
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to a range resolution of 75 cm, which is the finest range resolution available.
Designing an antenna with a bandwidth significantly larger than 200 MHz will
not improve range resolution, but it remains crucial that the antenna exhibits
good impedance matching, radiation characteristics, and polarization perfor-
mance across the radar’s entire operational band. The operating frequency of
a microstrip antenna is inversely related to its physical size. For a rectangular
patch, the resonant length L of the antenna is approximately half the guided

wavelength \g:
Ay c

L=~ 5 NG (2.10)
where f, is the resonant frequency and ¢, is the relative permittivity of the
substrate. For example, a microstrip patch antenna at 6 GHz has a length of
approximately 25 mm, whereas at 1 GHz, the length increases to approximately
150 mm. So, antennas operating at lower frequencies require larger patches,
which may impose integration constraints in compact radar arrays. Conversely,
higher frequencies allow for smaller elements, simplifying integration into
compact MIMO arrays, though maintaining a wide impedance bandwidth
becomes more challenging.

The selection of the operational frequency band must also comply with
Canadian frequency allocations. For a ground-based radiolocation radar, the
allocated frequency bands from 3 MHz to 6 GHz are: 3.23 — 3.4 MHz, 430 — 438
MHz, 1215 — 1390 MHz, 2.3 — 3.1 GHgz, 3.1 — 3.3 GHz and 5.25 — 5.925 GHz
[18]. Considering antenna size constraint, SDR bandwidth limitations, and
range-resolution requirements, the preferred radar operational band for this
MIMO radar is 5.65 — 5.85 GHz, with an operational frequency of 5.75 GHz.
This frequency range enables compact antenna elements suitable for an 8 x 8
array while providing sufficient operational bandwidth for sub-meter range
resolution and regulatory compliance.

2.6.1.2 Defining the Radiation Pattern of the TX Antenna

The desired radiation pattern of the subarray antenna is directional, with
sidelobe levels < —15 dB, to reduce interference between adjacent elements
and minimize clutter returns. Radiation toward the back plane must be
suppressed to ensure a high F/B ratio, with a preferred ratio of > 10 dB. This
means that the antenna radiates strongly toward the desired forward coverage
area while reducing interference and unwanted reflections from objects behind
the antenna (e.g., walls, equipment).

In the azimuth plane, a wide forward-looking angular coverage of up to
180° is required to provide full coverage of the radar’s field of view. In the
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Figure 2.14: Conceptual ideal radiation pattern with 180° azimuth and 30°
elevation

elevation plane, a narrower angular coverage of at least 25° and at most 75°
is preferred to limit illumination of undesired areas, such as the ceiling and
floor. This helps reduce elevation-extent clutter and multipath effects within
the indoor laboratory environment. An example of the conceptualized ideal
radiation pattern is shown in Fig. 2.14, featuring a 180° forward-looking
angular coverage in the azimuth plane and a narrower 30° angular coverage in
the elevation plane.

As established in Section 2.1.5, the aperture length and beamwidth are in-
versely related, as expressed by the HPBW (03qp) equation. Thus, the desired
elevation H PBW range of 25° — 75° can be used to estimate the corresponding
aperture length required at each operating frequency. In general, increasing
the aperture length produces a narrower beamwidth, higher directivity, and
improved angular resolution. This relationship provides a basis for selecting an
appropriate antenna aperture while balancing elevation coverage and angular
resolution. Table 2.3 summarizes the aperture lengths calculated for the target
elevation H PBW range over the operating frequency band.

2.6.1.3 Antenna Spacing in MIMO Virtual Array

In a MIMO radar system, the inter-element spacing of the TX and RX arrays
determines the structure of the virtual array and directly influences angular
resolution and sidelobe performance. For a linear array with Npxy = 8 and
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Table 2.3: Aperture sizes for different frequencies and beamwidths

Frequency (GHz) L for 25° beam (mm) L for 75° beam (mm)

5.25 115.2 38.4
5.75 105.2 35.1
5.925 102.1 34.0

Table 2.4: Comparison of spacing configurations for an 8 x 8 MIMO linear
array

Parameter Config. A Config. B
TX x RX Elements 8§ x 8 8§ x 8
Spacing TX 4\ 4\
Spacing RX 0.5\ 0.8\
Number of Virtual Elements 64 64
Number of Unique Virtual Elements 64 43
HPBW 1.583° 1.570°
First SLL Peak —13.25dB —13.98 dB
First SLL Angle +2.56° +2.54°
Highest SLL Peak —13.25dB —13.77 dB
Highest SLL Angle +2.56° +14.32°

Nrx =8, two TX/RX spacing configurations were retained as shown in Table
2.4, where d () is the distance between each antenna. Their radiation patterns
are shown in Fig. 2.15. The patterns incorporate the effects of overlapping
virtual elements and their corresponding amplitude weights. The MATLAB
code, provided in Appendix A, generates the radiation patterns and extracts
key metric parameters.

A spacing > 0.5\ provides greater physical separation that may facilitate
the implementation of the antenna elements and their feed networks. While this
decreases the number of individual virtual elements, the H PBW is narrower
and, consequently, improves the ability to distinguish targets with small angular
separations [1]. Configuration B produces a smaller HPBW of approximately
0.009% compared with configuration A, slightly improving angular resolution.
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Figure 2.15: Beam pattern for both configuration

For a maximum operating frequency of 6 GHz, A\g ~ 50 mm and with 0.5\
spacing, the inter-element spacing is approximately 25 mm. At 6 GHz with
0.8 spacing, the inter-element spacing is approximately 40 mm.

When the RX element spacing is increased from 0.5X to 0.8, the number
of unique virtual elements decreases because the convolution of the transmit
and receive arrays produces overlapping virtual positions. At the same time,
the larger element spacing increases the physical and effective array apertures,
narrowing the main beam and therefore, improving angular resolution. It
also provides additional space for the array feed network and facilitates the
implementation of dual-polarized or broadband patch elements. However,
this benefit comes at the expense of a higher susceptibility to grating lobes,
increased sidelobe levels, a reduced unambiguous field of view and a greater risk
of angular ambiguities. Conversely, denser inter-element spacing provides better
spatial sampling, enlarges the unambiguous field of view, reduces the likelihood
of angular ambiguities and reduces the risk of grating lobes, although it imposes
stricter physical constraints on the antenna elements and feed network designs.
Therefore, the selected inter-element spacing represents a trade-off among
angular resolution, unambiguous field of view, sidelobe performance, and
antenna implementation constraints.

2.6.2 Survey of Microstrip Patch Antennas from the
Literature

The antenna specifications defined in Section 2.6.1 serve as the evaluation
criteria for selecting antenna designs reported in the literature. Candidate
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(b)

Figure 2.16: Geometry of the circular patch with fan-shaped coupling patches
antenna: (a) top, (b) side view [19]

antennas were assessed according to their operating frequency, bandwidth,
radiation characteristics, compactness, and suitability for integration into a
2D planar array. In this work, the term compact refers to minimizing the
transverse width of the antenna such that it can be integrated within the
constrained inter-element spacing of the MIMO RX array. This requirement is
particularly important in MIMO systems, where multiple antennas including
their feed networks must be integrated within constrained element spacing
while minimizing their impact on mutual coupling and radiation characteristics.

2.6.2.1 Circular MPA with fan-shaped cells

A circular patch antenna with fan-shaped cells is shown in Fig. 2.16. The red
region is used for connecting a 50 2 coaxial cable [19]. The blue and yellow
regions are six fan-shaped coupling and radiation cells, respectively. Between
the blue and yellow regions, six RF switches are used to connect or disconnect
the coupling and radiation cells, thereby changing by a few dB the impedance
bandwidth or radiation pattern peak gain. This antenna is fabricated on a
FRA4 substrate having a thickness of 3 mm and ¢, = 4.3 [19].

This antenna has a resonant frequency of 4 GHz. The |S11]| of the slotted
circular patch antenna with S1 and S2 switched on is plotted against the
frequency in Fig. 2.17. The antenna exhibits a —10 dB BW of 125 MHz or
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Figure 2.17: |S11] of circular MPA with fan-shaped cells [19]
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Figure 2.18: Pattern of Circular MPA at 3.5 GHz [19]

3.5%. The patch radius R; = 20.5 mm corresponds to a diameter of 0.55)\ at
3.48 GHz, which is compact enough to be placed in a 2D planar array with
0.8\ spacing between elements.

Fig. 2.18 presents the E-plane radiation patterns for the four antenna states.
All states exhibit a stable directional radiation characteristic with the main
beam oriented approximately at 40°. The antenna provides a broad forward
coverage. The estimated front-to-back ratio exceeds 20 — 25 dB, indicating
effective suppression of backward radiation. Only minor variations are observed
among the four states, demonstrating that the reconfiguration mechanism has
minimal impact on the overall radiation characteristics and radiation efficiency.
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Ws

Ls

Figure 2.19: Geometry of the circular antenna [20]

2.6.2.2 Circular MPA with directional pattern

A circular patch antenna with a microstrip feed line is illustrated in Fig. 2.19.
The antenna is fabricated on a Rogers RT 5880 substrate having ¢, = 2.2 and
a height of 0.6 mm [20].

This antenna was reproduced in ANSYS HFSS and has a center frequency
at 28.6 GHz and a patch radius of 3.8 mm. The array footprint is 15.3 mm
long by 7.6 mm wide, corresponding to Ls = 1.45\ by Wy = 0.362\, which is
compact enough to be integrated into a 2D planar array with 0.8\ spacing
between elements. Fig. 2.20 shows the |Si1| of the circular patch antenna
plotted against the frequency. The antenna exhibits a —10 dB BW of 2.1 GHz
or 7.3%. Its operating frequencies are substantially higher than the desired
radar band. Therefore, the geometry would require redesign to operate within
the target radar frequency range of 5.25 — 5.925 GHz.

Fig. 2.21 shows E-plane in green and the H-plane in red. The E-plane
exhibits a dual-lobe radiation pattern with peak gains of ~ 6 dBi at —52°
and 52° with a low front-to-back ratio of 11 dB. The H-plane presents a wide
broadside radiation pattern with peak of 3.36 dBi at 28° and a low front-to
back ratio of 8.7 dB.

2.6.2.3 Rectangular versus Circular MPA

Rectangular and circular microstrip patch antennas (MPAs) are two commonly
used configurations. A comparative study of these geometries at 10 GHz was
presented in [21]. Both antennas were fabricated on RT5880 substrates with
a thickness of 1.588 mm and a relative permittivity of ¢, = 2.2, and were
excited using microstrip-line feeds. The antenna geometries are shown in
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Figure 2.21: Radiation patterns of the circular patch
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Figure 2.22: MPA (a) rectangular (b) circular
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Figure 2.23: |Si1lof (a) rectangular MPA (b) circular MPA [21]

Fig. 2.22. In terms of physical dimensions, the rectangular MPA occupies a
footprint of 13.2 x 10 mm, whereas the circular MPA occupies a footprint of
9.7 x 10.5 mm. These dimensions correspond to approximately 0.45\ x 0.34\
and 0.33X\ x 0.35), respectively. The circular geometry therefore provides
a smaller physical footprint, which may be advantageous when integrating
multiple elements into a compact antenna array.

The rectangular MPA resonates at 10.1 GHz, with a bandwidth of 453 MHz,
corresponding to approximately 4.49% of its resonant frequency. The circular
MPA resonates at 10.2 GHz, with a bandwidth of 488 MHz, corresponding to
approximately 4.78%. The reflection-coeficient responses of both antennas are
presented in Fig. 2.23, allowing their impedance-matching characteristics and
operating bandwidths to be compared.

The E-plane radiation patterns of the two antennas are compared in Fig.
2.24. Both antennas shows directional radiation pattern. The circular MPA
exhibits an HPBW of 75.8°, which is 1.8° wider than that of the rectangular
MPA, indicating a slightly broader main beam. In addition, the circular
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Figure 2.24: Radiation pattern of (a) rectangular MPA (b) circular MPA [21]

MPA achieves a sidelobe level of —18.4 dB, compared with —16.3 dB for
the rectangular MPA, representing an improvement of 2.1 dB in sidelobe
suppression. Therefore, the circular MPA offers a smaller footprint, a slightly
wider main beam, and better sidelobe suppression than the rectangular MPA,
based on the reported results.

2.6.2.4 Comparison of the Antenna Designs

Table 2.5 summarizes the key characteristics of the antenna designs selected
for evaluation. The pattern-reconfigurable circular patch provides directional
radiation and pattern-reconfiguration capability but requires a relatively com-
plex implementation involving RF switches and a feeding structure that may
complicate array integration. The circular patch operating at 28.5 GHz offers
the largest bandwidth and highest reported efficiency, but its frequency is
substantially higher than the target radar band and would require redesign.
The rectangular and circular MPAs reported in [21] provide a more direct
comparison of conventional patch geometries. Although both exhibit similar
bandwidths and directional radiation characteristics, the circular MPA offers a
smaller footprint, a slightly wider beamwidth, and lower sidelobe levels than
the rectangular MPA. These characteristics are advantageous for integration
into a compact MIMO radar array where element spacing is constrained. Based
on compactness, directional radiation capability, sidelobe suppression, and ease
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Table 2.5: Comparison of Antenna Designs

Antenna Substrate Element fo BW Radiation
Design Size L x W (GHz) Pattern and
Efficiency
Circular FR4 41 x 41 mm 4 ~ 3.5% Directional;
MPA with (e, =4.3)  (0.55\ x broad forward
fan-shaped 0.55)) beam, F/B
cells 2.16 ratio > 20 dB;
efficiency not
specified
Circular Rogers 15.3x7.6 285 ~ 7.3% Directional
Patch with ~ RT5880 mm broadside
directional (e, =2.2) (1.45\ x pattern; 94%
pattern [19] 0.73)) efficiency
Rectangular RT5880 13.2 x 10.0 10.1 ~ 4.5% Directional
MPA [21] (e, =22) mm pattern;
(0.45)X x HPBW
0.34)) ~ 74°; sidelobe
level —16.3 dB
Circular RT5880 9.7x10.5  10.2 ~ 4.8% Directional
MPA [21] (e, =22) mm pattern;
(0.33) x HPBW
0.35)) ~ 76°; sidelobe

level —18.4 dB

of integration into an antenna array, the circular patch geometry was selected
as the starting point for the antenna design.

2.6.3 Survey of Array Network Design from the Literature

To achieve the required elevation coverage, the array must use amplitude and
phase tapers as discussed in Section 2.3. Therefore, feed network architectures
in the literature were assessed based on their power-distribution characteristics,
including amplitude tapering and phase-control capabilities, their compactness
for integration into an array and their fabrication simplicity. For the purposes
of this thesis, both single-port series-fed networks and compact corporate-feed
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Figure 2.25: 1 x 5 linear array [23]

networks were investigated.

2.6.3.1 Series-Feed Array Network Design

A series-fed array employs a feed network in which adjacent patch elements are
connected sequentially along a single transmission line, forming a continuous
daisy-chain structure. As the electromagnetic wave propagates along the feed
line, each element extracts a portion of the available power while the remaining
power continues to subsequent elements. The amplitude distribution can
be adjusted by modifying the patch widths. The excitation phase of each
element is determined by the electrical length of the transmission line between
adjacent patches. By appropriately selecting these inter-element transmission-
line lengths, a desired phase distribution can be achieved across the array.
However, this approach does not account for mutual coupling effects or the
influence of element spacing on the array radiation characteristics. In practice,
these effects can modify the excitation amplitudes and phases of the elements,
leading to deviations from the intended radiation pattern, increased sidelobe
levels, and the occurrence of grating lobes when the element spacing becomes
excessively large [22].

A 1 x 5 series-fed patch array operating at 62 GHz is shown in Fig. 2.25.
Each patch has a length of approximately \,/2, where A, is the guided wave-
length within the substrate. The transmission lines between elements are
approximately \;/4 long [23], introducing a progressive phase shift between
elements that tilts the main beam in the radiation pattern. To further shape
the aperture amplitude distribution, the patch widths are tapered, with the
central element being the widest and the outer elements progressively narrower.
The array footprint is 14.96 mm long by 1.8 mm wide, corresponding to 3.09\
by 0.37A, which is compact enough for array integration.

2.26(a) shows that the antenna operates at 62 GHz and achieves an
impedance bandwidth of approximately 9.7%. Fig. 2.26(b) shows the simulated
E-plane radiation with a peak gain of 9.3 dBi at 29° from broadside. The wide
bandwidth and inherent beam steering capability demonstrate the effectiveness
of the series-fed travelling-wave architecture.
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Figure 2.27: 4 x 5 planar array configuration

To increase gain and extend the detection range, four identical 1 x 5 linear
arrays are combined to form a 4 x 5 planar array as illustrated in Fig. 2.27.
The linear arrays are spaced by 2.3 mm, corresponding to approximately
0.5\ at 62 GHz. This arrangement increases the effective aperture area while
maintaining acceptable grating-lobe performance. Simulated results indicate
that the maximum gain increases from 9.3 dBi to 14.4 dBi. The main beam
remains tilted, shifting slightly to approximately 27°, demonstrating that the
planar configuration preserves the desired beam direction while providing
substantial gain.

Achieving in-phase excitation in a conventional series-fed array may require
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Figure 2.28: Comb-Line matching-in-step design [25]

positioning the elements at equivalent voltage points along the feed line,
resulting in an inter-element spacing of approximately A, [22]. Although this
simplifies the phase relationship, the resulting spacing affects mutual coupling,
array size, and grating-lobe performance. Alternatively, modelling the square
patch as a loaded two-port element allows adjusting the feed-line lengths so
the phase distribution is in phase, while maintaining a centre-to-centre spacing
closer to 0.5\ [24]. This approach reduces the array size and mitigates the risk
of grating lobes but requires joint tuning of the patches, feed sections, and
mutual coupling. Quarter-wave impedance transformers may be introduced
before each patch to suppress reflections on the feeding line [22]. However, this
reduces the bandwidth, consumes extra space and introduces additional design
variables.

2.6.3.2 Series-Feed Array Network Design with Matching-in-Step

Fig. 2.28 shows a microstrip antenna array with a matching-in-step feed-line
design operating at 5 GHz. The patches are spaced A apart. The patches
and transmission lines are approximately 0.5\ long. The feed lines connecting
consecutive patch elements have varying step widths. These steps act as an
integrated impedance transformer, matching the patch’s impedance to the
feed line and minimizing power reflection. Furthermore, the terminal radiating
patch is designed as an insert-fed patch to lower its input resistance and match
the feed-line impedance. The array footprint is 192.32 mm long by 34.4 mm
wide, corresponding to 3.21\ by 0.57A, which is compact enough for array
integration.

Fig. 2.29(a) illustrates that the E-plane sidelobe level is approximately —14
dB relative to the main beam. Because the array is series-fed, the power coupled
to each successive element decreases along the feed path, naturally tapering
the amplitude distribution. This sidelobe suppression is achieved through the
non-uniform excitation of the array elements due to the series-fed architecture,
yielding a tapered excitation that contributes to the observed sidelobe level.

38



2.6. Antenna Design Requirements

0 v
~ ~
g o] g
4
E {‘:E’ -10
= 154
': I g‘ e Simulation
g 204 5] M
= I = == *Measurement
= I v s
3 b=l
é / e Simulation ll \ ;‘2 -20 4
== «Measurement
-30 I '
\ \
/
-40 -30

T T T T T T T T T T T T T T T T LA B e e e e e e S e
-90 -80 70 -60 -50 -40 -30 -20-10 0 10 20 30 40 50 60 70 80 90 90 -80 70 -60 -50 -40 -30 -20 10 0 10 20 30 40 50 60 70 80 90
Angle (degree) Angle (degree)

(a) (b)

Figure 2.29: Comb-line matching-in-step design radiation pattern (a) E-plane
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Figure 2.30: |S11| simulated versus measured

Fig. 2.29(b) shows that the H-plane pattern exhibits a single broad main
lobe, indicating good broadside radiation characteristics and smooth aperture
illumination. This antenna has a simulated BW of 2.2% and a measured BW
of 2.8%, as shown in Fig. 2.30.

2.6.3.3 Series-Feed Array Network with Coupling Branches Design

A 1 x 4 series-fed square patch antenna array employing aperture coupling
is shown in Fig. 2.31. The ground plane is located between two substrates
with apertures shown as green slots in Fig. 2.31 and the feed network is
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Figure 2.31: (a) Geometry of the series-fed network (b) side view [14]

located under the second substrate. Electromagnetic energy is coupled from
the feed lines to the radiating patches via slots etched in the ground plane.
This configuration improves isolation between the feed and the patch while
reducing spurious radiation from the feed line. The series-fed aperture-coupled
network offers a compact feeding architecture because power is distributed
along a single main feed line. The desired current-amplitude distribution is
achieved through the coupling branches and quarter-wavelength transformer
sections [14]. Furthermore, the coupling apertures are positioned such that
each patch is excited at the same electrical distance from the feed network.
Consequently, all antenna elements are excited with equal electrical phase,
resulting in in-phase radiation in the desired direction.

The antenna resonates at 26 GHz, with the array having a BW of ~ 4 GHz
(14%). The array footprint is ~ 36 mm long by ~ 5.1 mm wide, corresponding
to 3.12X by 0.44)\, which is compact enough for array integration. In addition,
the aperture-coupled configuration requires precise alignment of the radiating
patches, coupling slots, and feed network during fabrication. Misalignment
between layers can degrade impedance matching, coupling efficiency, and
radiation performance, increasing manufacturing complexity compared with
single-substrate microstrip-fed designs. Unlike the corporate-feed architecture,
which requires multiple power-divider stages, the series-fed network distributes
power through a single feed path, reducing routing complexity and occupied
area. The radiation pattern of the 1 x 4 array is not shown.

2.6.3.4 Comb-line Array Antenna

In a traditional comb-line array, the radiating elements are implemented as
stubs branching alternately on opposite sides of the feed line, where each single
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Figure 2.33: Comb-line Array with tapered feed line [26]

comb stub is considered as an antenna element. The excitation amplitude dis-
tribution can be controlled by varying comb-stub width. Fig. 2.32 illustrate a
1 x 12 comb-line antenna array. Adjusting the stub widths changes the amount
of power coupled from the main feed line to each radiating element, thereby en-
abling amplitude tapering across the array aperture [26]. The excitation phase
distribution is primarily determined by the electrical spacing between adjacent
stubs along the feed line. Suppressing reflections is critical, as unwanted reflec-
tions can build up along the line, degrading the impedance matching. Many
designs use reflection-canceling slits or stub-integrated elements to counteract
this effect.

Alternatively, the amplitude distribution can be controlled by varying the
main feed line width while keeping the stub width constant. A 1 x 8 comb-line
antenna array at 24 GHz employing microstrip feed line is shown in Fig. 2.33.
For this design, an antenna element is comprised of a pair of adjacent short
strips spaced \;/2 between each other, reducing the number of amplitude
tapers to half of a traditional comb-linear array [26]. The array footprint is
~ 135 mm long by =~ 4.34 mm wide, corresponding to 10.8\ by 0.35\, which
is compact enough for array integration.

Fig. 2.34 illustrates that the BW is only shown partially and corresponds
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Figure 2.35: Radiation patterns of the comb-line Array with tapered feed line

to at least 250 MHz (1%). Fig. 2.35 shows the E-plane and H-plane radiation
pattern. The E-plane exhibits a broad beam, closely centered at boresight with
low sidelobe levels. The H-plane displays a narrow beam coverage centered
at boresight, with a low SLL of —28.2 dB. These radiation characteristics are
well suited to the radar requirements, providing broad angular coverage in
the E-plane and narrow angular coverage with strong sidelobe suppression in
the H-plane, which can help reduce unwanted clutter and interference while
maintaining directional sensitivity.

2.6.3.5 Corporate Feed Array Network

Corporate feed networks have been extensively investigated in the literature
due to their ability to provide precise amplitude and phase control of array
elements. Implementations have been reported using microstrip-line insert-fed
rectangular patch arrays [27, 28] as well as aperture-coupled configurations
[29]. Among these, the four-element corporate-fed rectangular patch array
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Figure 2.36: Antennas geometry [29]

reported in [29] was selected for detailed evaluation because sufficient design
and performance information was provided to assess its suitability for the
MIMO radar system.

A single rectangular element measuring 6.42 mm in width and 9.13 mm
in length was first designed using a microstrip line feed as shown in 2.36(a).
This element was subsequently replicated to form a 1 x 4 linear array antenna
fed by a corporate network, as illustrated in 2.36(b). In a corporate-fed
array, the input power is distributed to each radiating element through a
hierarchical network of power dividers. For this four-uniform-element array,
the feed network consists of two stages of power dividers [29]. The input
signal is first divided into two equal-power branches. Then each branch is
further divided, yielding four equal-amplitude outputs that excite the antenna
elements. The feed paths are designed to have equal electrical lengths, ensuring
that all elements are excited in phase. Consequently, each element receives
approximately one-quarter of the input power, resulting in a uniform amplitude
and phase distribution across the array. A key advantage of this architecture
is the ability to control the excitation amplitude of each element, thereby
tailoring the radiation pattern to specific requirements. This is achieved by
adjusting the dimensions of the power-divider branches, which determine the
power delivered to each antenna element, while the excitation phase can be
controlled by modifying the electrical lengths of the feed lines. Consequently,
corporate-feed networks offer a high degree of flexibility for array pattern
synthesis compared with series-fed structures.
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Figure 2.37: Radiation pattern at 10 GHz [29]

The 1 x 4 antenna has an operational frequency of 8.2 GHz and a BW of
1.2 GHz 15%. The compactness of the feed network is a critical consideration
for integration into the MIMO radar array [29]. The rectangular patch element
has a width of 6.42 mm (0.18)); however, the dimensions of the feed lines are
not reported in the original work, limiting accurate reproduction of the design.
Based on the published antenna layout, the overall width of the four-element
array can be approximated as 11 mm (0.48)\). This dimension satisfies the
spacing constraints of integration into the MIMO RX array. Nevertheless, the
original design employs an edge-mounted feed, which would require modification
to a coaxial-probe feed to meet the fabrication requirements of the corporate
network MIMO RX array.

The radiation pattern at 10 GHz of the single patch antenna exhibited
a relatively broad radiation pattern with moderate directivity, shown in Fig.
2.37(a), while the array produced a narrower main beam and higher gain due
to the increased effective aperture, illustrated in (b). Both radiation pattern
presents a broadside peak main beam centered at =~ 0°.

The |S71| simulation results showed that the addition of the 1 x 4-elements
corporate-feed network array altered the single element antenna characteristics,
reducing the resonant frequency from 13.96 GHz to 8.22 GHz and increased
the impedance bandwidth from 1.16 GHz to 1.2 GHz for the single element and
array, respectively. Since the patch dimensions remained unchanged between
the single-element and array configurations, these shifts demonstrate that the
feed network, element loading, and mutual coupling substantially affect the
complete array response. Although the corporate-feed architecture provides
excellent amplitude and phase control, its multiple power-divider stages increase
physical complexity and occupied area compared with series-fed alternatives.
Nevertheless, the estimated width of approximately 0.48\ suggests that the
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design remains sufficiently compact for integration in an array.

2.6.3.6 Comparison of the Feed Network Designs

For the subarray antenna for the MIMO radar, the patch and feed network
footprint is particularly important because the subarray will be integrated into
a 2D planar antenna. At the same time, sufficient control of the amplitude
and phase distributions is required to obtain the desired directional radiation
pattern and sidelobe performance. The design needs to be able to be modified
to 5.75 GHz with 200 MHz BW. The comparison therefore indicates that the
selection of the feed architecture involves a trade-off between feed-network
compactness, excitation control, impedance matching and fabrication simplicity.
Table 2.6 summarizes these principal characteristics of the candidate feed-
network architectures considered for the subarray antenna.

Table 2.6: Comparison of candidate feed-network architectures for the TX
subarray

Array footprint

fo BW Amplitude and

Network (GHz) Lx W (mm) (GHz) phase control
(A xX)
. 14.96 x 1.8 9.7% . .
1 x 5 series-fed 62 Patch-width tapering
(23] (3.092 X 0.37X) (6 GHz) and inter-element
feed-line lengths

1 x 5 matching- 5 (;%i'izxxo???i) © 1248§)Hz) Stepped feed widths and
in-step [25] ‘ ’ ‘ inter-element feed-line

lengths
36 x 5.1 14%

1 X 4 series-fed 26 (312X x 0.44)) (4 GHz) Coupling branches,

with branches quarter-wave
[14] transformers, and equal
electrical path lengths

1> 12 and . 24 135 > 4.34 > 1% Stub- or feed-line-width
1 x 8 comb-line (10.8X x 0.35X) .
126] (>0.25  tapering and
GHz) longitudinal element
spacing
NRx11 15% .. .
1x4 8.22 (NRx0.48) (1.2 GHz) Power-divider ratios and

corporate-fed individual feed-path
[29] lengths

NR: not reported.

In this comparison, fabrication simplicity is assessed based on the number
of substrate layers, required layer-alignment accuracy, number of feed-network
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features and junctions, and sensitivity of critical dimensions to manufacturing
tolerances. The conventional series feed offers the simplest physical implemen-
tation because all elements are connected sequentially by a single continuous
transmission-line path. It requires fewer branches, junctions and matching
sections. Conversely, the aperture-coupled architecture presents the greatest
fabrication sensitivity since it requires two substrate layers and accurate align-
ment of the feed network, coupling apertures, and radiating patches. The
matching-in-step and corporate-fed architectures occupy an intermediate posi-
tion, with the former requiring several precisely dimensioned matching sections.
The latter requires accurate fabrication of the power-divider line widths and
feed-path lengths to maintain the intended impedance, power division, and
phase distribution.

The corporate-fed architecture offers the greatest design flexibility for
independent amplitude and phase control because the power-divider ratios
and feed-path lengths can, in principle, be designed separately. Although
the reviewed implementation employed uniform excitation, the architecture
is well suited to non-uniform array synthesis for sidelobe reduction and beam
shaping. This flexibility is advantageous for shaping the elevation pattern
and reducing sidelobes. In comparison, the amplitude and phase distributions
of series-fed and comb-line arrays are coupled to the sequential extraction
of power, element loading, and electrical spacing along the feed line. The
matching-in-step series feed improves impedance matching and demonstrates
sidelobe suppression through its tapered excitation distribution; however, the
matching sections introduce additional dimensions that must be adjusted. The
aperture-coupled series feed with branches also permits amplitude and phase
control through its coupling branches and electrical path lengths. However,
the publication did not report sufficient radiation-pattern metrics, such as
sidelobe level and beamwidth, to enable a complete comparison with the other
candidate architectures.

All candidate feed networks use radiating elements with relatively simple
geometries that can be dimensionally scaled to meet the target frequency
of 5.75 GHz. However, retuning the radiating elements alone is insufficient
because the feed network, element spacing, and impedance-matching sections
must also be adjusted as part of the complete array to improve the antenna’s
bandwidth and impedance matching to the radar requirements,

Since the subarray antenna must be integrated into a 2D planar MIMO
array, feed-network width is a critical design constraint. Series-fed, series-fed
with coupling branches, and comb-line architectures generally provide the
smallest feed-network widths because power is distributed along a single main
transmission line, resulting in narrow structures that facilitate integration into
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a planar array. Corporate-feed networks typically require a larger feed-network
width because additional routing space is needed for the power dividers, feed
branches, and feed transitions.

Based on the preceding comparison, the series-fed network with coupling
branches was selected because it combines a narrow feed-network width with
sufficient flexibility to tailor the excitation amplitudes and phases through the
coupling branches, transformer sections, and electrical path lengths. Conven-
tional series-fed, matching-in-step, and comb-line designs were not retained
because their excitation and matching characteristics are more closely coupled
to the radiating-element and main-feed geometries, limiting their adaptability
to the required subarray configuration. Although the corporate-feed architec-
ture offers greater excitation control, its wider power-divider network and probe
placement complicate integration into the planar MIMO array and increase
fabrication complexity.
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Proximity-Coupled Series-Fed
Circular Patch Subarray
Antenna

This chapter presents the design process of a 3-element proximity-coupled
series-fed circular patch antenna for the intended MIMO radar applications.
The antenna design was developed by integrating various antenna techniques
and full-wave electromagnetic simulations. The antenna was designed around a
center frequency of 5.75 GHz, which lies within the 5.25 —5.925 GHz frequency
range allocated for radar operation. Within this range, the antenna must
provide an impedance bandwidth of approximately 200 MHz, corresponding to
a fractional bandwidth of 3.5% at 5.75 GHz. Section 3.1 presents the antenna
geometry and dimensions. The design process included selecting the substrate
material in Section 3.2, determining the initial circular patch dimensions in
Section 3.3, and designing the series-fed network in Section 3.4. The full-wave
simulation process and the challenges associated with improving the integrated
proximity-coupled series-fed antenna are presented in Section 3.5. Finally,
Section 3.6 presents the resulting antenna and evaluates its performance against
the design requirements, including operating frequency, impedance bandwidth,
radiation pattern, beamwidth, sidelobe level, and gain.

3.1 Subarray Antenna Geometry and Dimensions

The antenna consists of three radiating elements arranged in a linear array.
Fig. 3.1 shows an exploded view. Three radiating patches are printed on
the upper surface of the upper substrate. The feed network lies between the
two substrates and couples energy electromagnetically to the patches through
proximity coupling. A continuous copper ground plane forms the bottom layer.

Both substrates are Rogers RO3003™ laminate with a height of 0.762 mm
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Figure 3.1: TX antenna model exploded view

and relative permittivity e, = 3.0. Section 3.2 discusses the material properties
and substrate selection. The milling equipment at RMC constrained the overall
antenna dimensions. The substrate dimensions are L = 190 mm and W = 65
mm, making the antenna compatible with the fabrication-area constraints of
the LPKF milling machine.

The top layer contains the radiating elements and is shown in Fig. 3.2(a).
To accommodate the edge-mount coaxial connector, a 5 mm long by 10
mm wide cut was made on the top substrate. The feed network array is
shown in Fig. 3.2(b). Part of each coupling branch is positioned beneath its
corresponding patch to control electromagnetic coupling, power distribution
and phase excitation of the three elements. The patch, array-spacing, feed-
network, and coupling-branch parameters are identified in Fig. 3.2(b), with
the corresponding dimensions listed in Table 3.1.

3.2 Substrates

The substrate’s electrical and physical properties strongly influence the per-
formance of a microstrip patch antenna. Important parameters include the
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Figure 3.2: Antenna dimensions (a) top patches layer (b) feed network layer

relative permittivity e,, substrate thickness h, and dielectric loss tangent. These
parameters influence the antenna impedance bandwidth, radiation efficiency,
physical dimensions, and stored electromagnetic energy.

A resonant microstrip patch antenna inherently exhibits a narrow impedance
bandwidth. Increasing the substrate thickness generally enhances bandwidth
by reducing the antenna quality factor @), but reduces radiation efficiency,
as shown in Fig. 3.3. Conversely, reducing the substrate thickness generally
results in a narrower impedance bandwidth. The relative permittivity also
plays an important role in determining the antenna impedance bandwidth and
radiation efficiency. Higher-permittivity substrates confine more of the electro-
magnetic field within the dielectric, increasing stored energy and, consequently,
the antenna’s quality factor. Increasing substrate permittivity generally re-
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Table 3.1: Final antenna dimensions

Parameter Dimension (mm) | Parameter Dimension (mm)

Top patch layer, Fig. 3.2(a)

L 190 \W% 65
Ry 8.075 Dpy 29.238
Ry 8.075 Dpo 29.438
Rs 8.075 Dpgs 30.188
D, 26.468 S 26.468
Ly 5 W, 10
Feed network layer, Fig. 3.2(b)

Wt 2.929 Dy, 20.947
Ly 32.1305 Lo 32.0135
Ls 27.263
Lsr 35.4 Wsr 1.614
Ly 11.7 Wi 0.325
Ls 11 Wro 1.68
Lps 10.35 Wrs 1.37

duces impedance bandwidth and radiation efficiency, as illustrated in Fig. 3.3.
Furthermore, high-permittivity substrates tend to reduce radiation efficiency
because a greater fraction of the electromagnetic energy is stored within the
dielectric rather than radiated into free space [30]. Therefore, substrate selec-
tion requires a compromise between relative permittivity, antenna thickness,
impedance bandwidth, and radiation efficiency. The relative permittivity of
laminates typically ranges from 2 to 12 [5].

Based on these considerations, Rogers RO3003™ laminate was selected as
the substrate material. RO3003™ is a ceramic-filled PTFE composite with
a relative permittivity €, = 3.0 and a dissipation factor of tand = 0.0010 at
10 GHz [31]. The selected substrate thickness is 0.762 mm with 35 pm (1
oz) copper cladding on both sides. The combination of its moderate relative
permittivity and thickness was selected to achieve a suitable balance between
impedance bandwidth and radiation efficiency. Compared with commonly
used FR-4 substrates, RO3003™ offers significantly lower dielectric losses,
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3.3. Circular Patch
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Figure 3.3: Effect of substrate thickness and dielectric constant on the
impedance bandwidth (VSW R < 2) and radiation efficiency [30]

improving radiation efficiency and reducing insertion loss. Furthermore, to
reduce fabrication costs associated with the antenna prototypes, a lower-cost
Rogers RO3003™ laminate was selected instead of more expensive reinforced
laminates.

The antenna structure employs two RO3003™ substrate layers separated
by a Rogers 2929 bondply adhesive film. The bondply has a thickness of
0.038 mm, a relative permittivity of approximately e, = 2.94, and a loss
tangent below 0.003 [32]. Its dielectric properties closely match those of the
RO3003™ substrates, while its very small thickness minimizes its influence on
the antenna’s electromagnetic behaviour. Full-wave simulations performed in
ANSYS HFSS showed negligible changes in antenna performance when the
bondply layer was included.

3.3 Circular Patch

The initial radius a of the circular patch was determined using the cavity-model
formulation and is expressed as [5, 21]:

F
a= T (3.1)
{1+ 2 n (3F) + 1.7726] }*
where the factor F' is defined as:
9
g 81 X107 (3.2)
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3.4. Series-Fed Array Topology and Design

In (3.1), the parameters h and €, denote the substrate thickness and relative
permittivity, respectively, and the radius a yields results in centimetres. In
(3.2), the resonant frequency f, is expressed in Hz. Since proximity-coupled
feeding is used, h is the sum of both substrates’ heights, so 1.524 mm. Because
the electromagnetic fields fringe outward beyond the physical edge of the patch,
the patch appears electrically larger than its physical dimensions. This effect is
represented by an effective radius a., which is greater than the physical radius
a. The effective radius accounts for the fringing-field extension and depends
on the substrate thickness and relative permittivity [5].

1
o —=a {1 + ;}z [In (;LZ) +1.7726] }2 (3.3)
The resulting a is 8.81 mm and a, is 8.83 mm, and is used as the initial
patch radius for the full-wave simulations improvement in ANSYS HFSS. The
resulting subarray physical radius is 8.075 mm, which is closer to a, reflecting
the electromagnetic behavior of the complete antenna structure, coupling to
the proximity-fed network, and the effects of the surrounding geometry.

3.4 Series-Fed Array Topology and Design

As discussed in Section 2.6.3.6, the three patch elements are excited using
a series-feed with a coupling-branch array configuration. In this array, the
elements are coupled sequentially through open-ended feed lines branching
perpendicular from the main line and running parallel under the patches, as
shown in Fig. 3.4. Proximity coupling was used instead of aperture coupling
because of its ability to reduce back radiation, and fabrication simplicity [30,
33]. An open-ended stub located at the end of the feed network was used to
achieve impedance matching and minimize reflections.

The radiation characteristics of an antenna array are determined by the
superposition of the fields radiated by each array element, weighted by excita-
tion amplitudes and phases. In equally spaced broadside arrays, the excitation
distribution is typically symmetric about the array center [34], and all ele-
ments must maintain the same phase to ensure constructive interference in the
broadside radiation direction.

To control the trade-off between main-beam width and sidelobe level, appro-
priate amplitude tapers can be applied to the array elements while maintaining
the required phase distribution. Low sidelobe levels are particularly important
for radar applications because radiation outside the main beam can contribute
to unwanted responses from off-axis targets, clutter, and reflections. Therefore,
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Figure 3.4: Series-fed with coupling branches

sidelobe suppression can reduce unwanted detections and help mitigate false
target identification and ghost responses caused by strong reflected signals
arriving through sidelobe directions. However, a low sidelobe level increases
main beam width which decreases angular resolution. Consequently, a trade-off
must be established between sidelobe suppression and main-beam width, with
the desired excitation taper selected to provide sufficient sidelobe reduction
while maintaining the angular resolution required by the radar system. For this
reason, a Dolph—Chebyshev taper was chosen since for a specified sidelobe level,
this distribution minimizes the main-beam width while preserving controlled
sidelobe behaviour, providing an optimal compromise between beamwidth
reduction and sidelobe suppression [34-37]. The Dolph—Chebyshev taper,
introduced by Charles Dolph in 1946, employs Chebyshev polynomials to
determine the element excitation weights such that all sidelobes are equal in
magnitude, producing an equal-ripple sidelobe response [36].

A three-element (N = 3) Dolph—Chebyshev amplitude taper was imple-
mented to satisfy the radar sidelobe requirements while maintaining a narrow
main beam. The choice of three elements represents a practical compromise
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between radiation-pattern control and the complexity of the feeding network.
The branching feed is a highly coupled electromagnetic structure in which
changes to the overlap, branch width, branch position, and feed dimensions can
simultaneously affect the excitation amplitude and phase of multiple patches,
as well as the input impedance and operating bandwidth. Increasing the
number of array elements would introduce additional coupled branches and
design variables, substantially increasing the number of electromagnetic inter-
actions and the number of simulations required for iterative tuning steps. A
three-element configuration therefore provides sufficient degrees of freedom to
realize a symmetric amplitude taper while keeping the feed-network adjustment
computationally manageable.

The excitation coefficients were determined using the MATLAB chebwin
function for a three-element array [38]. For the radar application, a major-to-
minor sidelobe ratio of at least 15 dB was specified, resulting in normalized
excitation coeflicients of approximately 0.72 : 1 : 0.72, as shown in Table 3.2.
As the sidelobe ratio approaches infinity, the Dolph—Chebyshev distribution
converges toward a binomial distribution, producing normalized excitation
coefficients of 0.5 : 1 : 0.5 [5]. Consequently, any excitation taper within this
range may be acceptable provided the resulting radiation pattern meets the
beamwidth and sidelobe-level requirements of the radar system. Unlike larger
arrays, where a specific amplitude distribution may be required to achieve
a desired sidelobe level, a three-element array possesses limited degrees of
freedom and can achieve similar radiation characteristics using a range of
symmetric excitation tapers. Although the binomial distribution eliminates
sidelobes entirely, it produces a broader main beamwidth, as shown in Fig. 3.5
for R = 100 dB. In contrast, the Dolph—Chebyshev taper, shown in Fig. 3.5
for R = 15,20,30 and 50 dB, provides controlled sidelobe suppression while
preserving a narrower beamwidth suitable for radar applications.

To achieve a symmetric amplitude distribution while maintaining equal
phase across the 3 elements, the coupling overlap, branch widths, and branch
positions were varied in ANSYS HFSS. Section 3.5 further discusses the tuning
steps and the final excitation taper.

3.5 Overall Subarray Tuning Steps

Although the circular patches, substrate configuration, feed network, coupling
branches, and impedance-matching stub were initially designed separately,
their electromagnetic interaction required determining the final dimensions
through iterative full-wave simulations in ANSYS HFSS. The subarray geometry
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Table 3.2: Normalized excitation coefficients for a 3-element array at different
sidelobe ratios

Major-to-Minor Element 1 Element 2 Element 3
Sidelobe Ratio (dB)

15 0.7163 1 0.7163
20 0.6111 1 0.6111
30 0.5327 1 0.5327
50 0.5032 1 0.5032
100 0.5000 1 0.5000

Dolph-Chebyshev Array (N = 3)

Array Factor (dB)

0 20 40 60 80 100 120 140 160 180
4 (degrees)
Figure 3.5: Array factor for 3-elements with different major-to-minor sidelobe
ratio

parameters were adjusted as an integrated electromagnetic structure rather
than as a set of independent components. The primary improvement objectives
were to achieve the required operating frequency and impedance bandwidth,
ensure adequate input impedance matching, and produce the desired radiation-
pattern coverage through amplitude and phase excitation across the three
radiating elements.

The improvement process began by adjusting the substrate, circular-patch,
and feed-network dimensions to establish the initial resonant behaviour of the
radiating elements. First, the antenna parameters were set up for screening
and optimization, using an adaptive single objective function, to search for
results with impedance matching below —20 dB at the desired frequency. Using
the parameters of all results that met this criterion, the surface current was
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Figure 3.6: Feed network and patch alignment

evaluated at the center of each of the three circular patches. The magnitude
and phase of the surface current were extracted and considered in phase when
within 5°. The parameters of the best result were then used as the initial
antenna design for parametric analysis of each antenna parameter.

The branch geometries and positions control impedance matching, coupled
power and phase of each element. Figure 3.6 shows the alignment between the
feed network and the circular patches. In particular, the overlap between a
branch and its corresponding patch primarily influenced coupling strength and,
consequently, excitation amplitude, while branch width affected both excitation
amplitude and feed-line impedance. The feed-branch position and geometry
also influenced the phase of the coupled excitation. Because the proximity-
coupled branches simultaneously controlled power distribution and formed part
of the impedance-matching network, these parameters could not be adjusted
independently. A change intended to adjust the amplitude or phase taper
could simultaneously alter the feed-network impedance, resonant frequency,
bandwidth, and excitation of the other elements. Consequently, the patch
radius was retained as an improvement parameter because it provides a direct
means of controlling the resonant frequency, as described by (3.1). Therefore,
it was used to compensate for frequency shifts introduced by modifications to
the feed network during the tuning process.

The feed-network geometry, including the coupling branches and impedance-
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matching stub, was then adjusted to achieve the desired excitation distribution
while maintaining adequate impedance matching. The branch dimensions and
positions were adjusted to control the excitation amplitude and phase of each
radiating element, whereas the stub dimensions were used to fine-tune the
antenna input impedance. This stub provided an additional degree of freedom
for controlling the overall impedance of the array without requiring each feed
branch to be individually impedance matched. The improved stub length
remained approximately constant during the later stages of the tuning steps,
whereas the stub width was adjusted as required to recover the desired input
impedance. At the operating frequency of 5.75 GHz, the improved open-ended
stub was 35.4 mm long by 1.614 mm wide.

Because the proximity-coupled feed network and radiating elements form
a strongly coupled electromagnetic structure, changes to a single parameter
often affected multiple antenna characteristics simultaneously. As a result,
the tuning process was iterative rather than sequential. Parametric analyses
were repeated until the excitation amplitudes and phases satisfied the desired
taper, while the antenna simultaneously met the required operating frequency,
impedance bandwidth, and input matching requirements.

3.6 Antenna Simulation Result and Discussion

At 5.736 GHz, the subarray has overall dimensions of approximately 2.43\ long
by 0.47X wide. The relatively compact width of 0.47\ allows the subarrays to be
placed side by side along their width to form the 2D planar antenna array. The
final coefficients are in phase, with amplitudes of approximately 0.61 : 1 : 0.61,
corresponding to a Dolph—Chebyshev major-to-minor sidelobe ratio of 20
dB, which lies between the Dolph—Chebyshev and binomial distributions.
This excitation provided a suitable compromise between sidelobe suppression,
beamwidth, and implementation through proximity coupling.

The simulated reflection coefficient |S11| is shown in Fig. 3.7. The results
show that the antenna resonates at 5.74 GHz with a |S1;| of —23.1 dB. The
simulated resonant frequency is 10 MHz below the 5.75 GHz design target,
indicating close agreement with the intended operating frequency. The —10
dB impedance bandwidth extends from 5.66 to 5.84 GHz, corresponding to
180 MHz, or 3.14% relative to the center frequency. Although the simulated
impedance bandwidth is slightly narrower than the 200 MHz SDR bandwidth,
it covers the majority of the intended operating band and provides good
impedance matching over the simulated frequency range. The reduced band-
width prevents full utilization of the available radar spectrum and results in a
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Figure 3.7: Simulated |S11| of the TX antenna

small reduction in range resolution from 75 cm to 83 cm.
Table 3.3 summarizes the simulated |S11| response in comparison with the
design requirements.

Table 3.3: Comparison of simulated |S11| with design requirements

Parameter Design Spec. Simulated

fo 5.75 GHz 5.736 GHz
Frequency range 5.65 — 5.85 GHz 5.66 — 5.84 GHz
fo and frequency

range within radar band Yes es

BW 200 MHz 180 MHz

FBW 3.5% 3.14%

Fig. 3.8 shows the simulated co-polarized radiation patterns of the TX
antenna in the E-plane (azimuth) and H-plane (elevation). Table 3.4 summa-
rizes the simulated radiation pattern results in comparison with the design
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Figure 3.8: Simulated co-polarization of the TX antenna

requirements. The E-plane pattern provides broad forward radiation, with
a peak gain of approximately 9.5 dBi occurring at 13°, with an HPBW of
approximately 97.4°. Although this 97.4° HPBW result does not fall within
the stated E-plane H PBW requirement of 40° — 80°, the broader main beam
provides increased angular coverage within the forward 180° field of view. The
H-plane pattern is relatively narrower than the E-plane. The simulated H-
plane pattern has a peak gain of approximately 9.4 dBi near boresight with an
HPBW of approximately 40°. This value falls within the specified comparison
range of 15° — 60°. However, some radiation is also present in the backward
direction for both principal planes. The F/B ratio for the E-plane is 14.7
dB and H-plane is 14 dB. The design specification requires minimizing back
radiation with an optimal ratio > 10 dB. In the final radar implementation,
absorbing material or other hardware can be placed behind the antenna to
reduce the effect of the backward radiation.
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Table 3.4: Comparison of simulated radiation pattern parameters with design
requirements

‘ Design Spec. ‘ Simulated
Parameter
‘ E-plane H-plane ‘ E-plane H-plane
Peak Gain (dBi) - - 9.5 94
Peak Angle °© - - 13 -3
HPBW (°) 40 — 80 15 — 60 97.4 40
Sidelobe level (dB) | < —15 <-15 None None
F/B o o
ratio (dB) maximize maximize | 14.7 dB 14.0 dB

3.7 Comparison of the subarray with the Taoglas
antenna

The improved subarray provides several improvements over the existing Taoglas
UWB antenna while also exhibiting some limitations relative to the desired
radiation-pattern requirements and bandwidth. Table 3.5 summarizes the prin-
cipal differences between the two antenna designs. Overall, compared with the
existing Taoglas antenna used in the RMC MIMO radar, the subarray provides
substantially higher gain, directional radiation characteristics, improved front-
to-back performance, and reduced susceptibility to clutter originating from the
rear hemisphere. These improvements directly address several shortcomings of
the current antenna configuration identified in Section 2.5.

Furthermore, the improved subarray antenna is specifically designed to
operate at 5.75 GHz, whereas the existing Taoglas antenna exhibits a rejec-
tion band around 5.8 GHz intended to suppress WiFi signals. As a result,
the Taoglas antenna cannot efficiently support radar operation around 5.75
GHz. Even at their respective center frequencies, the subarray shows a better
impedance matching of —23.17 dB at 5.75 GHz, while the Taoglas reports an
impedance of —12.92 dB at 5 GHz.

The most significant improvement is the increase in peak gain of the
radiation pattern. The simulated subarray achieves peak gains of 9.5 dBi and
9.4 dBi in the E-plane and H-plane, respectively, compared with the 4 — 5
dBi gain of the Taoglas antenna. This gain enhancement can increase the
effective radiated power and improve radar detection range. In addition, the
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Table 3.5: Comparison between the existing Taoglas FXUWB20 antenna and
the improved subarray antenna

Parameter Taoglas FXUWB20 Improved Subarray
Center Frequency 5 GHz 5.75 GHz
|S11] —12.92 dB @ 5 GHz —23.17 dB @ 5.75 GHz
Bandwidth Supports full 200 MHz 180 MHz

radar channel
Peak Gain 4 -5 dBi 9.4 — 9.5 dBi
Radiation Pattern Omnidirectional Directional
HPBW (E-plane) Omnidirectional 97.4°
HPBW (H-plane) Omnidirectional 40.0°
Forward . .
Sidelobes Not specified No sidelobes observed
Front-to-Back Low due to
Ratio omnidirectional pattern 14.0 - 14.7.dB

improved subarray exhibits a directional radiation pattern, with no sidelobe in
the forward coverage rather than the omnidirectional response of the Taoglas
antenna. Having no sidelobes is beneficial for radar operation because it
reduces the reception and transmission of energy in undesired directions,
thereby limiting false detections and improving angular discrimination.

The subarray exhibits front-to-back ratios of 14.7 dB and 14.0 dB in the
E-plane and H-plane, respectively, representing a significant improvement over
the omnidirectional radiation characteristics of the currently employed Taoglas
antenna. This reduction in back radiation reducing the likelihood of clutter
and target ambiguities caused by signals arriving from behind the radar.

The principal disadvantage of the subarray is its reduced impedance band-
width. The simulated bandwidth of approximately 180 MHz is slightly below
the radar channel BW of 200 MHz and is narrower than the ultra-wideband
response of the Taoglas antenna, which covers the full radar channel BW.
Nevertheless, compared with the existing Taoglas antenna used in the RMC
MIMO radar, the improved subarray antenna provides substantially higher gain,
directional radiation characteristics, improved front-to-back performance, and
reduced susceptibility to clutter originating from the rear hemisphere. These
improvements directly address several shortcomings of the current antenna
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3.7. Comparison of the subarray with the Taoglas antenna

configuration identified in Section 2.5.

63



2D Planar Array Antenna

First, to reduce computational time during the tuning steps, a 4-subarray
planar antenna was designed. Then, four subarrays were added to form the
8-subarray planar array and simulated. The 4- and 8-subarray planar geometry
and dimensions are specified in Section 4.1.

4.1 Planar Antenna Geometry and Dimensions

The 2D planar antenna consists of eight subarray antennas arranged in a
planar configuration, providing eight independent RX channels and 24 radiating
elements. Fig. 4.1 shows an exploded view of the antenna structure. The
radiating patches are on the top layer, the feed network array is between
the two substrate layers, and the ground plane is on the bottom layer. The
8-subarray planar array antenna comprises an 8 x 3-element planar antenna,
where each 3-element subarray is excited through a single coaxial probe.

The geometry and dimensions of the subarray antenna are detailed in
Section 3.1. Both substrates are the same Rogers RO3003™ laminate as the
subarray, with a height of 0.762 mm and &, = 3.0. To accommodate the
antenna within the available area of the LPKF milling machine, the overall
antenna dimensions must not exceed 203 mm in length and 279 mm in width.
The 8-subarray planar antenna dimensions are L = 190 mm and W = 259 mm,
which are within the fabrication-area limits of the LPKF milling machine.

The spacing and locations of the subarrays are identified in Fig. 4.2, and
Table 4.1 lists the corresponding dimensions. The parameter S controls the
separation between adjacent subarrays, Dg; defines the clearance between the
substrate edge and the first subarray, while W controls the overall substrate
width and consequently the clearance between the last subarray and the
substrate edge. These subarray spacing and distances are maintained from the
corresponding 4-subarray configuration to the 8-subarray planar antenna.
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4.1. Planar Antenna Geometry and Dimensions

Top Substrate

Feed Network
Substrate

Figure 4.1: 8-array planar network feed layer

Cuts for the
SMA Connector

Table 4.1: Array planar antenna dimensions

Parameter Dimension (mm) ‘ Parameter Dimension (mm)

Dpy 31.238 Dg 29.312
S 26.1 L 190
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4.2. 4-Subarray Antenna Tuning Steps
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Figure 4.2: 4-subarray planar array top layer

4.2 4-Subarray Antenna Tuning Steps

Fig. 4.2 shows the three design parameters that were investigated. The
parameters S, Dgy and W were varied to satisfy the design requirements listed
in Section 2.6. Fig. 4.3 shows the resulting planar configuration, with the
antenna displayed in transparency mode to show the relative positions of each
subarray.

A S = 26.1 mm inter-element spacing of the planar antenna array was
selected, corresponding to approximately 0.5\ at the design frequency of 5.75
GHz. This spacing matches the \/2 inter-element spacing in the MIMO radar
discussed in Section 2.6.1.3. Together with the 4d TX antenna spacing, this
configuration forms all 64 unique virtual antennas.

A parametric investigation was conducted to determine suitable geometrical
dimensions for the 2D planar array. The investigation focused primarily
on the edge clearance Dg; and the width W dimension, while the inter-
element spacing was maintained at 26.1 mm. The edge clearance was modified
based on observations from the fabricated antenna. In the initial design,
the available clearance around the antenna was relatively limited. During
measurement of the fabricated antenna, fringing fields and edge diffraction
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4.2. 4-Subarray Antenna Tuning Steps
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Figure 4.3: Planar array transparency

distortions were observed in the radiation pattern near the antenna boundary.
This effect was not reproduced in the simulation model and, therefore, cannot
be used in the parametric study. The edge clearance was increased to provide
additional margin against fabrication-related edge effects. With W = 155
mm, Dg; = 31.238 mm provides an additional clearance of 2 mm between
the edge and the subarray 1, and 9.697 mm between the subarray 4 and
the edge. Furthermore, parametric study on Dg; was done by comparing
Dpr1 = 31.238 and 33.238. This increase in edge clearance does not produce
a substantial change in the impedance characteristics and radiation pattern
characteristics within the investigated range. Therefore, the selection of 31.238
mm is primarily motivated by the fabrication observations and the need to
provide additional radiation-pattern robustness, rather than by a significant
improvement in simulated impedance performance.

The effect of the Width dimension was subsequently investigated by in-
creasing W from 155 mm to 162.5 mm while maintaining the edge clearance
at 31.238 mm and the inter-element spacing at 26.1 mm. Cases A and C were
therefore compared to isolate the effect of increasing W from 155 mm to 162.5
mm. A slight decrease of approximately 5 MHz in BW was observed. The
mutual coupling for all configurations remained below the design requirements
of < —15 dB. Increasing W improves the mutual coupling by an average
of approximately 0.5 dB at 5.75 GHz. However, the E-plane and H-plane
peak gain decreases by =~ 0.1 dB. The F/B ratio improves slightly with the
larger W, but the improvement is not sufficiently large to compensate for the
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4.3. Simulated Result of the 8-Subarray Planar Antenna
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Figure 4.4: Input reflection coefficients

reduction in bandwidth and gain. Therefore, W = 155 mm was selected for the
primary design because it provides a suitable compromise between impedance
bandwidth, mutual coupling, gain, and radiation characteristics.

4.3 Simulated Result of the 8-Subarray Planar
Antenna

Fig. 4.4 shows the simulated reflection coefficient |S;;| responses versus fre-
quency for all eight subarrays of the planar antenna. Table 4.2 compares
the resulting resonant frequencies, —10 dB frequency ranges, bandwidths,
and fractional bandwidths with the design specification and the previously
simulated 1 x 3-subarray. The resonant frequencies of the eight subarrays of
the planar antenna remain closely grouped, ranging from 5.719 to 5.728 GHz,
corresponding to a maximum variation of only 9 MHz. Compared with the
standalone 1 x 3-subarray, the planar-antenna subarrays’ resonant frequencies
shifted downward by about 10 — 17 MHz. Compared with the standalone
subarray, the frequency ranges of the eight RX subarrays within the planar
antenna shift downward by up to 20 MHz for both f; and fs. This relatively
small variation in impedance characteristics therefore indicates that the planar
antenna maintains suitable frequency-overlap compatibility with the standalone
subarray.

The simulated coefficient |S;;| responses versus frequency for all eight
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4.3. Simulated Result of the 8-Subarray Planar Antenna

Table 4.2: Comparison of simulated |S1;| for all subarrays of the planar antenna
with the design spec and the simulated subarray

Subarray i fo Frequency BW FBW
(GHz) range (GHz) (MHz) (%)
Design spec. 5.75 5.65 — 5.85 200 3.5
1 x 3-element 5.736 5.66 — 5.84 180 3.14
subarray

Subarray 1 5.728 5.656 — 5.821 164.4 2.87
Subarray 2 5.720 5.643 — 5.832 189.0 3.30
Subarray 3 5.719 5.643 — 5.831 187.6 3.28
Subarray 4 5.722 5.644 — 5.832 188.3 3.29
Subarray 5 5.724 5.646 — 5.831 185.7 3.24
Subarray 6 5.722 5.646 — 5.828 182.4 3.19
Subarray 7 5.725 5.648 — 5.834 186.6 3.26
Subarray 8 5.727 5.652 — 5.833 180.8 3.16

subarrays of the planar antenna are shown in Fig. 4.5. The mutual coupling
between adjacent subarrays was evaluated at three reference frequencies: fy =
5.72 GHz, fi = 5.6473 GHz and f» = 5.83 GHz. Across these reference
frequencies for all seven pairs, the coupling levels range from —18.19 to —22.57
dB. All adjacent subarray pairs satisfy the design requirement of a mutual-
coupling level < —15 dB.

Fig. 4.6 shows the radiation characteristics of the resulting 8-subarray
planar array when all ports are uniformly excited in-phase to produce a broad-
side pattern. The polar representation shows the angular distribution of the
radiated field in the principal planes, while the corresponding Cartesian repre-
sentation in Fig. 4.7 provides a more convenient view for evaluating beamwidth
and relative sidelobe levels. Table 4.4 summarizes the simulated radiation-
pattern parameters. The simulated peak gains are approximately 17.80 dBi
in the E-plane and 18.05 dBi in the H-plane. The main beam is directed at
0° in the E-plane and approximately —6° in the H-plane, indicating a small
pointing offset in the latter plane. The simulated H PBW is approximately
13.6° in the E-plane and 39.3° in the H-plane. The H-plane beamwidth should
provide the required angular coverage while limiting floor and ceiling clutter.
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4.3. Simulated Result of the 8-Subarray Planar Antenna
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Figure 4.5: Simulated mutual coupling of each subarray of the planar antenna

Table 4.3: Comparison of simulated mutual coupling of each subarrays of the
planar antenna

Subarray |SU’ at f() ’SU’ at f1 ’SU’ at f2

ij (dB) (dB) (dB)
Design < -—15 < -15 < -15
spec.
12 —19.35 —18.19 —20.53
23 —20.33 —19.69 —21.23
34 —20.25 —20.18 —21.89
45 —20.12 —20.51 —22.34
56 —20.35 —20.96 —22.57
67 —20.75 —21.32 —22.07
78 —21.34 —21.65 —21.54
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4.3. Simulated Result of the 8-Subarray Planar Antenna

- Measured Radiation Patterns
E-plane Gain 0°

H-plane Gain 20 4dBi
-30°

30°

-60° . 60°

-90° | 90°

-120° 120°
\‘

A50° 150°
180°

Figure 4.6: Polar radiation pattern of the 8-subarray planar array antenna

The F/B ratios are approximately 26.9 dB and 27.1 dB in the E- and
H-planes, respectively. Both values exceed the 20 dB design specification,
indicating effective suppression of radiation toward the rear of the array. The
E-plane exhibits a maximum sidelobe level of approximately —13.1 dB in the
forward radiation coverage, which is consistent with the sidelobe level of a
uniformly excited, in-phase linear array. Its far-field radiation pattern is the
Fourier transform of a rectangular aperture distribution and exhibits a first
sidelobe at approximately —13 dB [5].
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4.3. Simulated Result of the 8-Subarray Planar Antenna
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Figure 4.7: Cartesian radiation pattern of the 8-subarray planar array antenna

Table 4.4: Comparison of the simulated radiation pattern parameters of the
8-subarray planar array antenna with the design specifications

Design Spec.

Parameter Both Plane E-plane H-plane
Peak Gain (dBi) - 17.80 18.05
Peak Angle (°) - 0 —6

HPBW (°) - ~ 13.6 ~ 39.3
Forward Sidelobe i ~ _13.1 hone

Level (dB) - ’

F/B .
> . .
Ratio (dB) maximize, > 20 26.9 27.1
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Experimental results

This chapter presents the experimental results and their analysis, and consists
of three sections. Section 5.1 describes the subarray antenna fabrication
procedure. Section 5.2 details the experimental setup. Section 5.3 presents
and analyzes the measurement results.

5.1 Fabrication Procedure

The subarray antenna was fabricated using Rogers RO3003™ laminates, that
have copper cladding on both sides [31]. An LPKF ProtoMat S104 PCB
prototyping machine was used to remove the unwanted copper. A width of
10-mm-wide by 5-mm-long opening was then cut in the upper laminate to
provide access for soldering the probe connector. A Rogers 2929 bondply layer
was subsequently cut to match the laminate dimensions, with the same cut for
the probe. A bondply layer was placed between the two RO3003™ laminates
to form the proximity-coupled structure. Following the manufacturer’s recom-
mendations, pressure was applied during the curing and cooling processes [39].
Since a 400-PSI vacuum-assisted press was not available at RMC, the laminate
stack was clamped between two steel plates with bolts to provide compression.
The assembly was placed in an oven and heated from room temperature to
200°C; the temperature was maintained for 60 — 90 minutes, then the assembly
was left to cool overnight. After curing, the clamping plates were removed,
and a 50 © end-launch SMA connector was soldered to the antenna edge at
the cutout location. Fig. 5.1 shows the (a) top and (b) bottom views of the
fabricated subarrays.

Several fabrication challenges were encountered during the milling process.
Due to the relatively soft PTFE-based substrate, multiple milling passes were
often required to completely remove the unwanted copper, as shown in Fig.
5.2(a). Consequently, approximately 40% of the fabricated laminates were
rejected due to inadvertent removal of portions of the feed network or radiating
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5.1. Fabrication Procedure

(b)

Figure 5.2: Milling issues during fabrication

patch. In some of the accepted laminates, small amounts of substrate material
were also inadvertently removed during milling as shown in Fig. 5.2(b). For
future designs fabricated on this machine, substrates with woven fibreglass
reinforcement are recommended to improve milling during machining.
Additional difficulties arose during the bonding process. The uncured thin
bondply film is fragile and occasionally tore when its protective backing was
removed. Furthermore, a non-uniform pressure distribution during curing led
to inconsistent bonding quality, resulting in a few antennas being rejected.
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5.1. Fabrication Procedure

(a)

(b)

Figure 5.3: Bonding issues during fabrication

Fig. 5.3(a) shows a rejected antenna with a section of the substrate removed,
revealing non-uniform bondply distribution after curing. The fabricated proto-
types were not completely planar and exhibited a few degrees of out-of-plane
curvature, as shown in Fig. 5.3(b). In some cases, misalignment between the
bonded laminates was up to 1 mm. These issues were likely caused by the
custom clamping arrangement, which could neither guarantee uniform pressure
distribution nor verify that the manufacturer’s recommended curing pressure
had been achieved.

Since all subarrays were designed to be geometrically identical and fab-
ricated using the same process, their electromagnetic characteristics, [S11]
responses versus frequency and radiation patterns, are expected to be similar.
However, fabrication tolerances and variations in bonding and layer alignment
may have introduced unit-to-unit variation, altering the fabricated antennas’
electrical properties. In the intended fabrication process, eight subarrays and
one eight-subarray planar-array antennas were to be fabricated for the MIMO
radar. However, fabrication difficulties resulted in a high prototype rejection
rate, making additional antenna production prohibitively costly. Consequently,
only three antennas were successfully fabricated and experimentally measured.
Measuring multiple identical antennas provides an assessment of fabrication
repeatability, since they all share the same geometry and substrate. For the
anechoic chamber, only Antennas 1 and 2 were tested.
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5.2. Experimental Set-up

5.2 Experimental Set-up

The |S11| of the antennas was measured using an Agilent N5244A PNA-X
Performance Network Analyzer (PNA). The PNA was electronically calibrated
across the 5 — 6 GHz frequency range. Afterward, the |Si;| measurements for
all three fabricated antennas were taken in the calibrated frequency range, with
a precision of 0.001 Hz. Those measurement results were then incorporated
with the ANSYS HFSS simulation results in Microsoft Excel.

The anechoic chamber was calibrated using a pair of standard gain horns
(SGHs) covering the frequency range from 1 to 18 GHz, together with the
gain-transfer method [40]. The Antenna under Test (AUT) positioner measure-
ment system uses the mechanical coordinate system as shown in Fig. 5.4(a),
consisting of the azimuth axis ¢,,, the elevation axis 6,,, and the polarization
roll axis x,,. The subscript ,, denotes the mechanical positioner coordinates
and is used to distinguish them from the corresponding angles used to describe
the radiation pattern. The source positioner measurement system is shown in
Fig. 5.4(b) and consists of the polarization roll axis x,.

After the SGHs were installed, the SGH on the AUT positioner was
mechanically aligned with respect to the mechanical elevation axis 6, = 0°,
the polarization roll axis y,, = 0°, and the SGH on the source positioner
can only be rotated along the polarization roll axis and was also levelled to
xm = 0°. Both horns were then boresight-aligned by physically adjusting
them until their electrical boresights coincided, corresponding to the reference
direction ¢,, = 0°. This ensured that the radiation pattern was centered at
the origin of the coordinate system. Next, the received power between the
SGHs at 5.75 GHz was measured, and a normalization factor was obtained by
subtracting the SGHs’ calibrated gain from the measured value. Since both
SGHs use the same measurement path, this normalization factor accounts for
unknown factors in the RF path such as cable losses, free-space path loss, and
reflections.

The antenna under test (AUT) was then used to replace one of the SGHs.
Using a MATLAB function, the AUT was mechanically aligned to 6,, = 0°
and x,, = 0° to maintain co-polarization with the source SGH. The AUT was
rotated about the mechanical azimuth axis over the range —90° < ¢,,, < 90°,
while the co-polarized E-plane radiation pattern was recorded in MATLAB. To
measure the co-polarization H-plane radiation pattern, the polarization roll of
both antennas was rotated 90°, and the same azimuth sweep was repeated. For
cross-polarization E-plane measurements, only the AUT was rotated 90° about
its polarization roll axis, and the azimuth sweep was repeated. To measure the
H-plane cross-polarization radiation pattern, both antennas were subsequently
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5.3. Measurement Results and Discussion

Figure 5.4: AUT and source positioners’ coordinates

rotated by 90° about their polarization roll axis, and the azimuth sweep
was repeated. Finally, the normalization factor was applied to the measured
data to obtain the AUT’s absolute gain for the plane radiation pattern cuts.
The measured data was transferred into Excel and MATLAB to apply the
normalization factor and draw the polar radiation patterns, respectively.

5.3 Measurement Results and Discussion

The |S11| responses versus frequency for all three fabricated subarray TX
antennas are shown in Fig. 5.5. Overall, the measured |S11| response of
Antenna 1 exhibits excellent agreement with the simulated results across the
frequency band of interest. Antennas 2 and 3 show larger deviations from the
simulated response; however, their measured performance remains within the
specified design requirements. Furthermore, all subarrays achieve reflection
coefficient minima below —18 dB at resonance, indicating excellent impedance
matching and low reflected power.

Table 5.1 summarizes |S11| design requirements, measured and simulated
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5.3. Measurement Results and Discussion
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Figure 5.5: Simulated and measured |Si;| of the subarrays

values across the frequency range, impedance BW, and operational frequency.
Antenna 1 achieves a BW of 215 MHz, while Antenna 2 exhibits an increased
BW of 361 MHz and Antenna 3, a reduced BW of 97 MHz. All three proto-
types, Antennas 1, 2, and 3, exhibit resonance close to the intended operating
frequency of 5.75 GHz, at 5.736 GHz, 5.695 GHz, and 5.801 GHz, respectively.
These results demonstrate the improved subarray antenna design’s suitability
for MIMO radar applications, where adequate impedance bandwidth and con-
sistent element performance are required to support reliable array operation.
Consequently, Antenna 1 most closely represents the intended design objective,
while Antenna 2 and Antenna 3 illustrate the effect of fabrication variability.
During manufacturing, tolerances and assembly variations were introduced,
as discussed in Section 5.1. This may have contributed to deviations in the
measured impedance bandwidth and resonant frequency from the simulated
results.

The radiation characteristics of the fabricated antennas were experimentally
evaluated through E-plane and H-plane pattern measurements in the anechoic
chamber. Only the forward radiation pattern, —90° to 90°, can be measured
in the anechoic chamber. The measured co-polarized radiation patterns are
presented in Fig. 5.6 and Fig. 5.7 for Antennas 1 and 2, respectively.
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5.3. Measurement Results and Discussion

Table 5.1: Comparison of simulated, measured antennas and design require-
ments

Antenna Frequency BW FBW fo
Case Range (GHz) (MHz) (%) (GHz)

Design Spec. 5.65 — 5.85 ~ 200 3.5 5.75

Simulated 5.66 — 5.84 180 3.14 5.736
1 Measured 5.66 — 5.875 215 3.75 5.736
2 Measured 5.63 — 5.991 361 6.34 5.695
3 Measured 5.756 — 5.853 97 1.67 5.801

Measured Radiation Patterns
E-plane Gain 0°
H-plane Gain e
-30°

dBi

‘.'. 600

-90° +30 dBi | 80°

120° 120°

-150° e 1500
180°

Figure 5.6: Measured co-polarization of antenna 1
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Measured Radiation Patterns
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Figure 5.7: Measured co-polarization of antenna 2

Both fabricated antennas exhibit a broad azimuthal response and a more
directive elevation response, consistent with the intended coverage for the
radar application as specified in Section 2.6.1. Furthermore, the measured
polar patterns also show noticeable ripples of ~ —1 to —2 dB in both planes
throughout the measured patterns. Although deviations of approximately —5
dB from the simulated pattern are observed near +30°, no distinct sidelobe
is identified, as these variations are not separated from the main beam by a
well-defined null. These variations indicate additional radiation in undesired
directions and likely result from a combination of edge diffraction (finite-ground
plane and finite-substrate effects), fringing field effects, and imperfections in the
fabricated antennas. Such effects can modify the current distribution and allow
electromagnetic fields to radiate from regions outside the intended aperture.
Despite these ripples, both fabricated antennas maintain the required broad
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Figure 5.8: Simulated vs Measured co-polarization E-plane

azimuth coverage and narrower elevation response. Attempts to reproduce the
observed edge-diffraction effects in the simulated radiation patterns did not
yield comparable results.

The simulated and measured co-polarized radiation patterns are presented
in Cartesian coordinates in Fig. 5.8 and Fig. 5.9 for the E-plane and H-
plane, respectively. These plots compare the simulated antenna with the two
fabricated antennas, making differences in beamwidth and sidelobe behaviour
easier to identify. The measured E-plane and H-plane beamwidths are similar
for Antennas 1 and 2, indicating good consistency between the two fabricated
samples. However, the simulated antenna exhibits a broader coverage than
the two measured antennas.

Table 5.2 compares the measured antenna characteristics with the design
objectives and the simulated performance. The measured peak radiation
directions are slightly offset from 6 = 0°. For Antenna 1, the peak gain is 9.2
dBi at an angle of # = —2° and 9.6 dBi at an angle of § = —2° in the E-plane
and H-plane, respectively. For Antenna 2, the peak gain is 8.6 dBi at an angle
of 0 = —6° and 8.8 dBi at # = —2° in the E-plane and H-plane, respectively.
Antenna 1’s measured gain is similar to the simulated values; however, antenna
2 has the lowest gain. The small peak angular offsets primarily result from
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Figure 5.9: Simulated vs Measured co-polarization H-plane

measurement alignment tolerances and fabrication variations. They do not
significantly affect the overall radiation characteristics or the radar antenna’s
intended field of view.

The Antenna 1’s HPBW s are approximately 50.9° and 33.6° for the E-
plane and H-plane, respectively. The Antenna 2’s H PBW s are approximately
49.6° and 32.2° for the E-plane and H-plane, respectively. The measured
E-plane H PBW s of Antennas 1 and 2 are approximately 50% smaller than the
corresponding simulated values, indicating a narrower azimuthal region than
predicted. Nevertheless, the measured radiation patterns maintain significant
forward radiation over the same angular range as the simulation. Overall,
the close agreement between Antennas 1 and 2 demonstrates good fabrication
repeatability. Both samples provide comparable peak gain, azimuth and
elevation beamwidth, and overall radiation characteristics. However, the
ripples in the radiation pattern need to be removed. Further improvements to
the substrate and ground-plane size could smooth the radiation pattern and
remove the edge diffraction. The fabricated antennas successfully maintain
the required directional characteristics for integration into the MIMO radar
system.

Several practical effects can account for the difference between the simulated
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5.3. Measurement Results and Discussion

Table 5.2: Comparison of the design specifications, simulated results, and
measured radiation characteristics of the fabricated antennas.

Design

Antenna 1

Antenna 2

Parameter Spec. Simulated Measured Measured
Peak Gain (dBi)
E-plane - 9.5 9.2 8.6
H-plane - 9.4 9.6 8.8
Peak Angle (°)
E-plane - 13 —2 —6
H-plane - -3 —2 -2
HPBW (°)
E-plane - ~ 974 ~ 50.9 ~ 49.6
H-plane - ~~ 40 ~ 33.6 ~~ 32.2
Sidelobes (dB)
E-plane < -—15 None None, but None, but
showing edge  showing edge
diffraction diffraction
H-plane < -15 None None, but None, but
showing edge showing edge
diffraction diffraction

and measured |S11| and radiation patterns. Diffraction from the finite ground
plane and surface-wave excitation could have contributed to the observed
pattern distortion. Rogers RO3003™ substrates and Rogers 2929 bonding layer
have tolerances such as thickness and relative permittivity. Also, fabrication
tolerances, including small variations in patch dimensions, feed-line geometry,
substrate alignment, and bonding-layer thickness, can perturb the current dis-
tribution and produce additional ripple. These fabrication issues can introduce
tolerance deviations in the linear-branching feed network and patch coupling.
This adds small amplitude and phase imbalances and increases mutual coupling
between adjacent circular patches, which may further alter element currents
and their relative phases.
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Conclusion

This thesis presented the design, simulation, fabrication, and experimental
validation of an improved microstrip antenna array developed for the RMC
monostatic MIMO radar operating below 6 GHz. The motivation for this work
originated from the limitations of the existing ultra-wideband omnidirectional
antennas used by the radar system, which produced excessive back radiation,
clutter, and limited control over the radiation coverage required for controlled
laboratory radar experiments. The research addressed the need for an antenna
solution tailored to the electromagnetic and radar-processing requirements of
the existing laboratory platform. The objective was therefore to develop an
improved subarray capable of providing directional radiation characteristics,
200 MHz impedance bandwidth, low sidelobe levels, low back radiation, and
dimensions suitable for integration into a MIMO radar array operating within
the 5.25 — 5.925 GHz radar band.

A proximity-coupled series-fed network and a circular patch were selected
from the literature review, combined and improved through systematic para-
metric studies to satisfy the targeted design requirements. The subarray
successfully achieved a simulated resonance frequency of 5.736 GHz and an
impedance bandwidth of 180 MHz while meeting the requirement of broad
azimuth coverage with an H PBW of 97.4°, a narrower elevation beam with
an HPBW of 40°, F/B ratios of 14 dB, and no distinct sidelobes in either
principal plane. This subarray was subsequently fabricated and experimentally
characterized. The measured results agreed well with the simulated results.
The measured antenna 1 produced a fy of 5.736 GHz with a BW of 215 MHz,
peak gains of 9.2 dBi and 9.6 dBi in the E-plane and the H-plane, respectively.
HPBW s were approximately 50.9° in the E-plane and 33.6° in the H-plane.
Due to the experimental set-up, the back radiation could not be measured. The
measured results demonstrated good agreement with the simulations despite
fabrication tolerances and bonding imperfections. However, ripples and dis-
tortions were observed in the measured radiation patterns, which are believed
to be caused primarily by edge-field diffraction from the finite substrate and
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ground-plane dimensions. Further adjustment will be required to remove the
patterns distortions.

Table 6.1 compares the antennas reviewed in Sections 2.6.2 and 2.6.3 with
the improved three-element circular-patch subarray. Although several literature
designs achieve superior performance in individual metrics such as bandwidth,
gain, front-to-back ratio, or sidelobe level, they often operate outside the
target radar band or employ feed architectures that are not compact for 2D
planar-array integration. The three-element subarray directly addresses the
requirements of the RMC MIMO radar platform by operating at 5.74 GHz
while achieving a simulated impedance bandwidth of 180 MHz and a measured
bandwidth of 215 MHz. Its proximity-coupled series-fed network with coupling
branches combines the compactness of series-fed architectures with the ability
to control excitation amplitudes and phases, enabling low-profile integration
into a planar MIMO array. Consequently, the principal contribution of the
design is not the maximization of a single antenna performance metric, but the
achievement of a practical balance between operating frequency, bandwidth,
radiation coverage, feed-network simplicity, and array-integration requirements
for the intended radar application.

The improved subarray was subsequently integrated into a 2D planar array
for the RX antenna design. Parametric studies were performed to investigate
the effects of subarray spacing, edge clearance, and substrate dimensions on
impedance matching, mutual coupling, and radiation performance. Resonant
frequencies remained closely grouped across all eight subarrays at 5.72 GHz with
BW s between 164 and 189 MHz, and adjacent-element coupling remaining
below —18 dB. When all subarrays are illuminated in-phase at to form a
broadside beam, the resulting pattern array achieved simulated peak gains
exceeding 17.8 dB, front-to-back ratios greater than 26 dB, and radiation
characteristics suitable for MIMO radar operation. The selected element
spacing of \/2 preserves the full set of 64 unique virtual array elements.
The simulated planar array achieved an E-plane forward sidelobe level of
approximately —13.1 dB, which closely matches the theoretical first sidelobe
level of a uniformly illuminated in-phase array.

Compared with the Taoglas FXUWB20 antenna currently employed by the
RMC MIMO radar, the proposed subarray provides approximately 5 dB higher
gain, directional radiation characteristics, improved front-to-back ratio, and
operation at the desired 5.75 GHz center frequency without the limitations
imposed by the Taoglas 5.8 GHz rejection band. These improvements are
achieved at the expense of a modest reduction in impedance bandwidth relative
to the radar’s full 200 MHz channel. Overall, this work establishes a design
methodology that connects antenna-level electromagnetic requirements with
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array-level and radar-processing considerations. It further demonstrates how
antenna bandwidth, radiation characteristics, mutual coupling, and physical
dimensions can be improved while simultaneously satisfying practical radar-
system requirements. This approach is particularly relevant for MIMO radar
systems, where antenna characteristics such as radiation pattern, impedance
bandwidth, element spacing, and mutual coupling directly influence the quality
of the resulting array response and radar measurements. Future work could
focus on the following:

Identify the source of the measured radiation pattern distortion in the
fabricated subarrays and investigate ways to remove it.

Investigate ways of reducing the back radiation of the subarray antenna
while maintaining the desired azimuth and elevation coverage.
Investigate and simulate the use of absorbing materials or other hardware
solutions behind the antennas to reduce back radiation.

Perform a tolerance sensitivity analysis on the subarray to identify which
parameters most influence resonant frequency and bandwidth.

Export the simulated radiation patterns and S-parameters into MATLAB
to simulate a complete MIMO radar system to assess target detection,
angular resolution, and spatial ambiguity.

Future validation should include fabricating and measuring the 2D planar
array and integrating it into the RMC radar platform.

Experimental radar testing, using the UWB Taoglas and improved an-
tennas, could then quantify improvements in clutter suppression, angular
discrimination, target detection performance, and virtual-array beam-
forming capability.
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Table 6.1: Comparison of the Subarray with Antenna Designs from the litera-

ture
Antenna ( GJ;(—)IZ) (I\?IIV-IVZ) Radiation Pattern Integration
Design Considerations
Circular 4.0 125 Directional; broad Probe location needs to
MPA with forward coverage change to allow feed
fan-shaped network
cells [19]
Circular 28.6 2100 Broadside radiation; Requires redesign for
patch with fo =5.75 Ghz
directional
pattern [20]
Rectangular 10.1 453 gf;B_V[CTGEL 4B Microstrip feed
MPA [21] o '
Circular 10.2 488 giB_VV_TBT'gB Footprint of
MPA [21] - ' 0.33) x 0.35);
conventional Microstrip
feed
Series-fed 62 6000 Radiation pattern not Series-fed; width tapering
array with reported
patch-width
tapering [23]
Matching-in- 5 140 Low-sidelobe level Stepped feed-width
step tapering
series-fed
array [25]
Series-fed 26 4000 Low-sidelobe level Coupling branches;
array with phase/amplitude control
coupling
branches [14]
Comb-line 24 > 250  Directional; tapered Narrow feed network
array [26] excitation
Corporate- 8.22 1200  Wideband array Large divider network
fed array [29]
E-plane HPBW = 97.4°
Improved 5.74 180 H-plane HPBW = 40° Series-fed coupling
3-element F/B ratio = 14 dB branches;
subarray,
simulated
results
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A Matlab Code for Virtual
Array Beam Pattern and
HPBW Calculation

The following MATLAB script was used to compute the virtual array position,

plot the beam pattern and calculate the H PBW of the virtual array:

1/ clear; clc;
2/ 4/ Input Parameters

3ln_tx = 8; d_tx = 4; A No of Transmitters and Spacing
4n_rx = 8; d_rx_cases = [0.5 0.8]; % No of Receivers and
Spacing

5
6 HPBW_all = zeros(size(d_rx_cases)); /Store HPBW for All
Config
7/ figure; hold on; grid on;
8
9 for config = 1:length(d_rx_cases)
= d_rx_cases (config);

10 d_rx

11

12 % Angle grid 30 degrees around broadside

13 theta = linspace(-30,30,36001); / High resolution

14

15 4 TX Array Factor

16 denum_AF_tx = n_tx*sin(pi*d_tx*sind(theta));

17 AF_tx = (sin(n_tx*pi*d_tx*sind(theta))) ./ denum_AF_tx
18

19 /# RX Array Factor

20 denum_AF_rx = n_rx*sin(pi*d_rx*sind(theta));

21 AF_rx = sin(n_rx*pi*d_rx*sind(theta)) ./ denum_AF_rx;
22

23 /% Replace NaN (0/0) With 1
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AF_tx (abs (denum_AF_tx) < 1e-12)
AF_rx(abs(denum_AF_rx) < 1le-12)

| ]
=
©o ©o

4 Create the Virtual Array Factor

AFv = abs(AF_tx .* AF_rx);

AFv AFv/max (AFv); % Normalize the Array Factor

AFv_dB = 20%1ogl0(AFv); % Convert From Linear
Amplitude to dB

4% HPBW Calculation
hp_level = 1/sqrt(2); % -3 dB Amplitude Point
idx = find (AFv >= hp_level);

% Left and Right Edge Interpolations

left_idx = idx(1);
right_idx = idx(end);
theta_left = theta(left_idx);

theta_right = theta(right_idx);

HPBW_deg = theta_right - theta_left;
HPBW_all (config) = HPBW_deg;

A% First Sidelobe Level and Angle
[peaks ,angles] = findpeaks (AFv_dB, theta);

/4 Separate peaks on right side of broadstde
right_idx = find(angles > 0);

peaks_right = peaks(right_idx);
angles_right = angles(right_idx);

4 First stdelobe on the right: closest peak to O
degrees

if length(right_idx)>= 2
SLL_p_right = peaks_right(1);
SLL_a_right angles_right (1) ;

else
SLL_p_right
SLL_a_right

end

NaN;
NalN;

A% Highest Stidelobe Level and Angle
4 Sort peaks and angles in descending order of

amplitude
[peaks_descending, sort_idx] = sort(peaks, )
angles_descending = angles(sort_idx);
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97
98

99
100
101
102
103

if length(peaks_descending) >= 2 / 2nd peak ts highest
SLL
SLL_High_p = peaks_descending(2);

SLL_High_a = angles_descending(2);
else

SLL_High_p = NalN;

SLL_High_a = NaN;

end

A% Number of wvirtual elements
#APhysical positions

tx_pos = (0:n_tx-1)*d_tx;
rx_pos = (0:n_rx-1)*d_rx;

% Virtual antenna positions
virtual_array = tx_pos(:) + rx_pos;

4 Unique wvirtual antenna positions
unique_virtual_array = unique(round(virtual_array(:),
10));

%% Display Results

fprintf (’\n====================================\1n"’);

fprintf(’d_tx = %d lambdaln’,d_tx);

fprintf(’d_rx = %.1f lambdal\n’,d_rx);

fprintf (’Virtual channels = %d\n’,length(virtual_array
(:)));

fprintf (’Unique positions
unique_virtual_array));

fprintf (’HPBW = %.4f deg\n’,HPBW_deg);

fprintf (’First SLL peak = %.2f dB\n’,SLL_p_right);

fprintf (’First SLL angle = %.4f degrees\n’,
SLL_a_right);

fprintf (’Highest SLL peak = %.2f dB\n’,SLL_High_p);

fprintf (’Highest SLL angle = %.4f degrees\n’,
SLL_High_a);

%d\n’,length (

A% Plot broadside beam pattern
if config == 2
lineStyle = -7 / Dashed line for the second
configuration
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end

else
lineStyle = '~ % Solid line for the first
configuration
end

plot (theta, AFv_dB, lineStyle, ’LineWidth’, 1,’
DisplayName’, ...
sprintf (°’d_{rx}=%.1f\\lambda, %d unique positions
,d_rx,length(unique_virtual_array)));

title(’Beam Pattern (Broadside Steering)’);

xlabel (’Angle (degrees)’); ylabel(’Normalized array
factor (dB)’);

ylim ([-60 0]); legend(’Location’,’best’);

)

Listing A.1: Beam Pattern and H PBW Calculation in MATLAB
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