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Abstract

Antennas serve as pivotal components within communication systems, facilitating the transmission
and reception of signals through electromagnetic radiation. Traditional antenna designs prioritize
optimization for fixed frequencies, radiation patterns, and polarisations. In contrast, contemporary
electronic and wireless communication technologies demand antennas that are both compact and
multifunctional, capable of adapting to dynamic operating scenarios. Reconfigurable antennas
(RAs) emerge as a compelling alternative, offering dynamic adaptability to varying conditions and
thereby enhancing system functionality and operational flexibility. The distinctive advantage of
reconfigurability positions an RA as the equivalent of several non-reconfigurable antennas,
resulting in compactness, cost reduction, and simplified system integration.

This research focuses on the development of compact and low-profile RAs through streamlined
control mechanisms. The objective is to achieve multiple reconfigurability functionality while
maintaining uniform performance across all states. The proposed reconfigurable antenna concepts
aim to circumvent complex feeding structures and biasing arrangements, ultimately enhancing
antenna performance. The thesis presents a comprehensive exploration of novel antenna designs,
each addressing specific challenges and requirements within the realm of wireless communication.
The research contributes five distinct advancements to antenna technology, spanning various
frequency bands and applications.

Initially, a cost-effective circular polarisation open-loop antenna is designed at 6 GHz. An in-depth
analysis of parameters such as size, shape, substrate thickness, and loop gap size yield valuable
insights, enabling tailored optimization for specific applications. To expand the CP bandwidth, the
design incorporates concentric parasitic open-loop antennas. This is followed by designing a
similar loop antenna that is customized to operate at 27.5 GHz. Subsequently, the millimetre-wave
loop has been utilised to design a phased array featuring 4-elements. The precise control of the
main beam steering has been achieved through the implementation of a corporate feed network and
four-phase shifters employing transmission line time delay techniques. Experimental findings
confirm the configuration's ability to facilitate left-hand circular polarisation (LHCP) radiation over
a scanning angle of 50°, explicitly ranging from -25° to +25°. This accomplishment aligns with the
stringent criteria for maintaining a radiation pattern with an axial ratio (AR) of less than 3 dB across
a broad frequency spectrum. Additionally, the design achieves a peak gain of approximately 11
dBic in combination of a total efficiency surpassing 85% throughout the CP bandwidth. Besides,
the proposed design offers the advantages of compact size and low cost.

Leveraging coplanar stripline (CPS) structure and photonic bandgap (PBG), a singly fed

reconfigurable circular loop antenna is proposed for millimetre-wave communication systems. This



antenna's distinctive feature lies in its capacity to adjust polarisation and bandwidth characteristics
owing to the strategic integration of two PIN diodes. These diodes are engineered to function in
various modes, allowing for three distinct polarisation states and accommodating two distinct
bandwidths. A meticulous alignment of these PIN diodes enables a single DC bias network to be
used as a highly effective RF choke, which simplifies the design and reduces the associated losses.
The simple and totally planar configuration offers a choice of RHCP or LHCP radiation at 28 GHz.
This is accompanied by impedance matching and axial ratio bandwidths of 12.9% and 8%,
respectively, over the same frequency range with a gain of 7.5 dBic. Moreover, when the PIN
diodes are unbiased, the antenna offers linear polarisation (LP) over two narrow bandwidths at 27
GHz and 29 GHz, featuring a maximum gain of 7.2 dBic. Therefore, the proposed configuration
offers three operating modes: wide-band RHCP, wide-band-LHCP, and dual LP narrow-bands.

In pursuit of this objective, a 4-element multifunctional reconfigurability array antenna is designed
to operate at 27.5 GHz. By controlling the PIN diodes biasing and using only two CPS lines, an
innovative multifunctional reconfigurable array effortlessly generates a scanning beam at angles
spanning up to £25° across three distinct polarisations, RHCP, LHCP, and LP. Furthermore, the
system achieves a reconfigurable frequency interface between circular and linear polarisations.
This comprehensive study showcases a commendable array gain of approximately 10 dBic, coupled
with a remarkable radiation efficiency surpassing 74%. This represents the first attempt to design
a millimetre-wave multifunctional reconfigurable array. Furthermore, the proposed array offers
simplicity and outperforms published counterparts that operate at lower frequencies.

Finally, a comprehensive assessment of the performance of on-chip CP circular loop antennas that
have been designed and fabricated to operate in the Q/V frequency band. The study utilizes Gallium
Arsenide (GaAs) and Silicon Carbide (4H-SiC) semiconductor wafer substrates. The measured
results highlight the achievement of impedance matching at 40 GHz and 44 GHz for the 4H-SiC
and GaAs substrates, respectively. Moreover, the outcomes confirm the generation of a left-hand
circularly polarized wave in the case of the 4H-SiC substrate. As a result, a 4-element circularly
polarised loop array antenna has been fabricated for operation at 40 GHz, employing the 4H-SiC
wafer as a low-loss substrate. The results underscore the antenna's remarkable performance,
exemplified by a broadside gain of approximately 9.7 dBic. Additionally, the proposed design
showcases an impressive radiation efficiency of 92% emphasizing its efficacy and suitability for

prospective applications.
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Chapter 1

Introduction

1.1 Millimeter-wave communications

In an era marked by an insatiable demand for high-speed data transmission and ever-evolving
wireless technologies, millimeter-wave (mmWave) communication has emerged as a ground-
breaking solution. Operating in the frequency range of 30 GHz to 300 GHz, mmWave
communication offers unprecedented data rates, minimal interference, and the potential to
revolutionize the way we connect and communicate.

With the remarkable surge in data traffic and the continual emergence of new applications
such as wearable devices, autonomous systems, drones, and the Internet of Things (10T), there
is a growing demand for diverse sets of requirements [1-2].

As a result, the pressing need for increased bandwidth and faster wireless communication is
placing significant pressure on the current spectrum, especially the sub-6 GHz bands. This
urgency has driven research into harnessing the potential of the mmWave frequency band to
meet these substantial demands [3].

While mmWave communication systems have found successful applications in indoor
scenarios [4], their use in outdoor environments for mobile communication systems is hindered
by various external factors. Notably, there are fundamental distinctions between mmWave
communications and lower-frequency existing communication systems, primarily due to the
sensitivity of mmWave signals to attenuation. Factors like high propagation loss, rain
attenuation, atmospheric absorption, foliage loss, and susceptibility to blockage from buildings

and humans are key challenges. These losses and attenuations significantly impact mmWave



systems, limiting their full potential [5]. This limitation is primarily because electromagnetic
waves at very high frequencies experience substantial attenuation during their journey between
different nodes. This can be justified since at very high frequencies the electromagnetic waves
in the very frequencies are significantly attenuated during the travel between different nodes.

To this end, the free field attenuation can be determined by Friis formula given as [6]

A
Prap = Prap+ Grap + Grgp + 20log, (“_R); (1.1)

where P, 45 and , P, 45 denote the received and the transmitted powers in dB, respectively.
Parameters G, 45 and G, 4p represent the gains of the receiving and transmitting antennas,
respectively, and, R is the distance between the transmitter and receiver.

The small wavelengths of mmWave frequencies, ranging from 10mm to 1mm, enable the
deployment of numerous antenna elements in compact arrays. The use of a large number of
elements at the transmitter provides high spatial processing gains and directivity, compensating
for path loss [7].

Millimeter-wave phased arrays are central to the next generation of wireless communication
systems. Specifically, phased arrays allow for beam steering in various angular directions to
achieve high directivity. Furthermore, phased arrays enhance the capacity of cellular networks
by improving the signal-to-interference ratio (SIR), targeting desired users, and mitigating
interference from other users [8]. However, the reliance on highly directional transmissions
will necessitate specific design changes to the next-generation wireless communication

systems.



1.2 Characteristics of Millimeter-Wave Communications

1.2.1 Wireless Channel Properties

The utilization of higher frequencies, such as those in the millimeter-wave bands, introduces
distinct effects on link quality. Notably, factors like molecular elements (e.g., rain and dust)
and atmospheric conditions (e.g., air density) contribute to signal attenuation. However, it's
worth noting that the propagation losses due to rain attenuation and atmospheric absorption
become negligible when the distances between the transmitter and receiver are on the order of

approximately 200 meters [9].

1.2.2 Enhanced Directivity

Millimeter-wave links offer crucial directivity, essential for ensuring reliable communications.
Electromagnetic antenna arrays, which can be steered electronically, effectively function as
patterns on the circuit board. By manipulating the phase of each antenna during transmission,
the array steering generates a focused beam directed toward the desired location, resulting in
high-performance gains in the intended direction while minimizing losses in other directions
[10].

1.2.3 Sensitivity to Signal Obstruction

Electromagnetic waves, in general, have limited diffraction capabilities when encountering
obstacles, especially when those obstacles are significantly larger than the wavelength. At
mmWave frequencies, common obstructions like humans and furniture are primary sources of
signal blockage. Human blockage, for instance, can lead to signal loss in the range of 20-30
dB. According to measurement results, with 1-5 people present, the channel is blocked in
approximately 1% to 2% of cases [11]. Additionally, in conventional wireless communication
systems, non-line-of-sight (NL0oS) communications result in higher losses compared to line-

of-sight (LoS) propagation.



1.3 Millimeter-Wave Communications Applications

1.3.1 Leveraging Millimeter-Wave for Small Cell Access

In response to the exponential surge in mobile users and device proliferation, the escalating
demands for data rates, network capacity, and coverage have spurred the development of small-
cell access solutions. This approach aims to achieve a remarkable 10,000-fold enhancement in
network efficiency and affordability [12]. Within this context, mmWave communication in
tandem with small cells has emerged as a powerful means to deliver multi-gigabit data rates
and facilitate a wide array of bandwidth-intensive multimedia applications, including high-
definition television. Moreover, the strategic integration of mmWave and small cell
technologies presents a viable strategy for augmenting network coverage, enhancing capacity,
and mitigating interference issues. Figure 1.1 depicts a block diagram illustrating the

application of mmWaves in conjunction with small cells.

mmW-backhaul
mmW-access
mmW-D2D
microwave . =

3-

Performance Spectrum ./
(MiIMO) (mmWave) Capacity

Figure 1.1: illustration of mmWave small cell access [2].

1.3.2 Beamforming Networks (BFN)

Wireless communication systems face various challenges, such as signal attenuation, which

can compromise link capacity and reliability. To address these issues and pave the way for high



data throughput rates, mmWave and massive multiple-input multiple-output (massive-MIMO)
systems have emerged as pivotal technologies in next-generation communication systems. By
harnessing mmWave frequencies and employing extensive antenna arrays, these systems focus
transmitted beams on intended recipients, enhancing capacity, communication reliability, and
coverage. This signal-shaping technique is commonly referred to as beamforming.
Beamforming directs transmitted energy precisely while minimizing interference in other

directions.

Phased array networks represent a paradigm shift in wireless communication, offering
unprecedented flexibility, adaptability, and signal control. As technology continues to evolve,
these networks are expected to play an increasingly pivotal role in shaping the way we connect
and communicate in an ever-connected world. Nevertheless, mobile device mobility and
various outdoor and indoor propagation conditions can introduce significant signal attenuation,
impacting system performance. Therefore, meticulous design of base station (BS) and mobile
station (MS) antennas is imperative in mmWave cellular communication systems [13].
Achieving improved link quality necessitates the application of beam steering at both BSs and

MSs, as illustrated in Figure 1.2.
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Figure 1.2: Massive MIMO and beamforming scenario at BS and MS [13].



1.4 Aims of the Research and Motivation

In the context of this research endeavor, the author embarked on a comprehensive investigation
into the design of a cost-effective, circularly polarized circular loop antenna. This undertaking
was motivated to confront the formidable challenge of pioneering an innovative antenna array
that utilizes a true-time-delay transmission line. The envisioned outcome was a system capable

of achieving precise beam steering while preserving circular polarization.

Furthermore, the author aimed to investigate the development of a singly fed reconfigurable
circular loop antenna designed for millimeter-wave (mmWave) communication systems. A
distinguishing feature of this antenna lies in its ability to adjust both polarization and bandwidth
characteristics. This capability is made possible through the strategic integration of two PIN
diodes, engineered to function in various modes, enabling three distinct polarization states and
accommodating two distinct bandwidths. A meticulous alignment of these PIN diodes enables
the utilization of a single DC bias network as a highly effective RF choke, which simplifies the

design and reduces the associated losses.

Additionally, the author of this thesis aimed to address the challenge of realizing a
reconfigurable antenna that will serve as an element from which a multifunctional
reconfigurable array can be designed, offering both polarization and pattern reconfigurability.
The ultimate goal was to mitigate circuit-level losses and create an antenna structure

distinguished by both elegance and efficiency.

Moreover, the author aimed at the significance of on-chip implementation, contemplating the
utilization of substrates such as 4H-SIC and GaAs. This aspect of the research marked a crucial
endeavor in extending the practical utility of the proposed antenna system, with potential

implications for cutting-edge applications in integrated circuit design.



1.5 Original Contributions

To achieve the objectives set forth in this thesis, several concepts have been developed and the
designs are validated accordingly. As an outcome of this research, the following original

contributions are carried out in this thesis:

CP circular loop antenna using coplanar waveguide feed: The first contribution of this research
revolves around the design of a cost-effective CP open-loop antenna fed by a coplanar
waveguide port (CPW). The design is specifically tailored for operation at 6 GHz, offering a
low-profile solution that is both efficient and economically viable. Furthermore, this
contribution entails an extensive analysis of how various parameters influence the performance
of the CP antenna. These parameters encompass a range of factors, including the antenna's size,
shape, substrate thickness, outer loop gap size, and the effect of the ground plane, among others.
By scrutinizing the impact of these parameters, a deeper understanding of the antenna’s

functionality is gained, enabling optimization for specific applications.

Phased array antenna using time delay transmission lines: A 4-element open-loop array
antenna has been meticulously designed and constructed to realize circularly polarized (CP)
beam steering, covering a substantial range of £25°. This achievement is made possible through
the successful implementation of four-phase shifters, leveraging the time delay technique
within transmission lines. An analysis of the results demonstrates that this cost-effective design
not only offers a high gain but also achieves this performance with a significantly reduced
number of elements. This reduction in the number of elements translates to the use of a simpler
and more efficient feeding network, which further enhances the overall efficiency of the
system. Moreover, the integration of beam steering capabilities significantly extends the
antenna's operational range and efficiency, making it a valuable advancement in the field of

antenna technology.



Cost-Effective Polarisation Reconfigurable Planar Loop Antenna: A low-profile, cost-
effective circularly polarized single-loop antenna designed for mmWave frequencies is
presented. This innovative design incorporates two strategically placed gaps, enabling
polarization reconfigurability. The antenna utilizes a coplanar stripline (CPS) structure
featuring a photonic bandgap (PBG), which simplifies the biasing of the PIN diodes without
the need for lumped RF chokes or capacitors. This elimination of additional elements
minimizes associated losses, resulting in higher overall efficiency. Moreover, by biasing the
PIN diodes within the antenna design, the system can generate different circular polarization
senses, including LHCP, RHCP, and LP waves. This adaptability enhances the antenna's

versatility, making it well-suited for a range of communication needs and scenarios.

Multifunctional reconfigurable mmWave array with polarization, frequency and pattern
control: The contribution is the design of a 4-element phased array system with the goal of
creating a versatile and reconfigurable mmWave array. This multifunctional array can modify
both its polarization, frequency, and pattern. In each of the array elements, two gaps are
designed to house PIN diodes, which act as flexible switches, allowing for the selection of the
desired polarization by toggling between forward-bias and reverse-bias states. Additionally,
strategically positioned PIN diodes within the phase shifter gaps provide precise control over
beam steering in the desired directions. To achieve this, CPS lines are employed to bias the
PIN diodes in both the antenna elements and the phase shifters through vias. This
comprehensive approach not only demonstrates the adaptability and versatility of the mmWave
array but also makes a significant contribution to the advancement of reconfigurable antenna

technology.

On-chip CP loop antenna using 4H-SIC and GaAs substrates within the Q/V band: In a
comparative study, two different dielectric substrates (4H-SIC and GaAs) have been utilized
for a CP circular loop antenna operating within the Q/V frequency band for the first time in the

8



final contribution of this research. Furthermore, GaAs antennas will be designed and generate
diverse circular polarizations, achieved by strategically altering gap positions in the antenna
design, resulting in both LHCP and RHCP circular polarizations. This adaptability enhances
the antenna's versatility, making it well-suited for various communication needs. Additionally,
a 4-element open-loop array antenna will utilize the 4H-SIC substrate. This design incorporates
a parallel feed network, significantly optimizing the antenna's performance, particularly
enhancing signal transmission and reception efficiency, marking a notable advancement in on-

chip antenna technology.

Chapter 3

Presents a cost-effective, low-profile CP
open-loop antenna designed for 6 GHz
operation. It involves a comprehensive
analysis of parameters such as size, shape,
substrate thickness, loop gap, and ground
plane effects, enhancing antenna performance
and applicability.

Chapter 4
A 4-element open-loop array antenna
enables circularly polarized beam steering
over a +25° range using four-phase
shifters and time delay techniques. This
cost-effective design boasts high gain

Chapter 7
Introduces two distinct dielectric
substrates (4H-SiC and GaAs) for a CP
circular loop antenna in the Q/V frequency
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Chapter 5
A cost-effective, low-profile circularly
polarized single-loop antenna for mmWave
frequencies with reconfigurable polarization
is introduced. It utilizes a CPS structure with
a photonic bandgap for simplified PIN diode
biasing, reducing losses and increasing
efficiency. The antenna can generate
ultiple circular polarization senses.

Chapter 6
The contribution entails a versatile and
reconfigurable 4-element phased array
system for mmWave applications. It can
modify both polarization and pattern
through strategically placed PIN diodes.
The use of CPS lines for PIN diode biasing
in both antenna elements and phase shifters
enhances adaptability and significantly
advances reconfigurable antenna
echnology.

Figure 1.1: Summary of the key contributions per each technical chapter



1.6 Thesis Outline

This thesis is structured into eight chapters; a key summary of each chapter's development is

provided below:

Chapter 1 presents a brief introduction to mmWave communication and its
characteristics and applications. The aims for this thesis and the research motivation are
then provided. The areas of novelty and originality of research contributions are also
detailed. Finally, some useful definitions are outlined at the end of this chapter.

In Chapter 2, a foundational context is provided for the current research, offering
insights into essential concepts such as different polarization types, loop antennas, array
antennas, and the principles of reconfigurable antennas. This chapter lays the
groundwork by explaining the fundamental concepts and terminology that are central
to the research, ensuring a solid understanding of the key elements relevant to the study.
Chapter 3 begins a comprehensive introduction to the configuration and fundamental
design principles governing the Circularly Polarized (CP) loop antenna. It then
proceeds to delve deeply into an extensive examination of the various parameters like
substrate thickness, ground plane sizes, and outer loop gap size. Moreover, the chapter
encompasses a detailed comparative analysis of the antenna with and without the
incorporation of a parasitic loop, elucidating the significant impact of this addition. To
provide a holistic understanding, this chapter meticulously outlines the process of
creating prototypes, simulations, fabrication, and the precise measurements conducted
on the proposed CP loop antenna, offering valuable insights into its practical application
and performance. This multifaceted exploration equips readers with a profound grasp

of the intricate nuances of the CP loop antenna and its underlying design principles.
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Chapter 4 serves as an in-depth exploration of the design configuration of the circularly
polarized (CP) single-loop element using a CPW port at mmWave frequency. The
chapter delves into the implementation of a 1 x 4 beam steering linear array antenna,
specifically focusing on left-hand circular polarization (LHCP). This array is
constructed using the proposed circular loop element. Additionally, the chapter
elucidates the methodology of employing true time delay techniques to facilitate CP
beam steering, ensuring that the antenna system can precisely direct beams toward
desired directions.

Chapter 5 commences by presenting an in-depth exploration of the configuration and
design principles governing the CP reconfigurable loop antenna, while also delving into
the pertinent parameters that shape its functionality. Notably, it delves into the
innovative use of PIN diodes for efficient antenna switching in RF applications,
highlighting their crucial role in achieving versatility. Additionally, it focuses on the
isolation of RF current from the biasing coplanar stripline through the integration of a
photonic Bandgap Structure, enabling the implementation of different circular
polarization senses. Furthermore, Chapter 5 offers a comprehensive examination of the
practical aspects of the research, detailing the prototypes, simulation methodologies,
fabrication processes, and the precise measurements conducted on the proposed CP
reconfigurable loop antenna. These experiments are conducted at both 6 GHz and the
challenging mmWave frequency of 28 GHz, providing valuable insights into the
antenna's performance across different operational ranges.

Chapter 6 of this research will address a critical gap in existing literature, which lacks
the presence of multifunctional reconfigurable antennas (MRAS) designed for
mmWave applications. The upcoming chapter will be dedicated to the comprehensive

exploration of the design, fabrication, and measurements of such a unique antenna

11



system. Building upon the phased array design introduced in Chapter 4, we will further
enhance it to achieve a multifunctional reconfigurable mmWave array, a
groundbreaking innovation not previously reported.

This multifunctional reconfigurability will be achieved through the implementation of
a reconfigurable element and a reconfigurable feed network. In the preceding chapter,
we introduced a low-cost planar antenna concept aimed at achieving polarization
reconfigurability at mmWave frequencies. This reconfigurable antenna will serve as a
foundational element from which we will craft a multifunctional reconfigurable array.
This advanced array will offer not only polarization reconfigurability but also pattern
reconfigurability, signifying a significant advancement in the field of antenna
technology.

Chapter 7 begins by presenting the configuration and design principles of a circularly
polarized antenna. It goes on to provide a thorough examination of measurements
conducted on an on-chip antenna situated on a GaAs substrate, with a specific focus on
the options for circular polarization (CP) radiation. This GaAs-based prototype serves
as a reference point for evaluating the performance of a 4H-SiC-based antenna, with
comparative analysis involving fabrication and measurement. In addition, Chapter 6
outlines the methodology for designing the proposed on-chip array antenna, using a 4H-
SiC substrate and covers the prototype development, simulation, fabrication, and
measurement of the proposed antenna array.

Chapter 8 culminates the research journey by summarizing the key findings and
drawing meaningful conclusions. Moreover, this chapter extends its scope by offering
valuable recommendations that point the way toward future research directions and

potential areas of exploration.
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Chapter 2

Background

2.1 Antenna Polarization

The antenna polarization represents an essential factor for selecting and installing antennas.
The concept of antenna polarization refers to the orientation of the electric field in the
electromagnetic wave radiated by an antenna. Antenna polarization plays a fundamental role
in determining how effectively an antenna can transmit and receive signals in a given
communication system. The two primary types of antenna polarization are linear polarization

and circular polarization. The following subsections discuss the two types briefly.

2.1.1 Linear Polarization (LP)
Linear polarization involves the electric field oscillating in a single plane, either vertically or
horizontally. This type of polarization is commonly used in various wireless communication

systems, such as cellular networks, where the antennas on both

A
the transmitting and receiving ends are aligned with the same // | \ &
i Al ! "\\ e
linear polarization to maximize signal strength. Linear W R AAD
A
e
polarization can be further classified into two subtypes: ‘ |

vertical polarization and horizontal polarization. A schematic
of linearly polarized waves is illustrated in Figure 2.1. Figure 2.1 Linearly polarized waves.
Mathematically, linear polarization can be described by the following equations for the electric
field vector, E(t):

Vertical and horizontal LP:

E(t) = E, X sin (wt) X "J (2.1)

E(t) = E, X cos (wt) X "1 (2.2)
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Here, E, represents the maximum amplitude of the electric field, ® is the angular frequency, t

is time, "J denotes the unit vector in the vertical direction, and "I is the unit vector in the
horizontal direction.

Linear polarization antennas are easy to fabricate but have a negative effect in terms of
polarization mismatch, reflectivity, inclement weather, absorption, and Faraday rotation [14].
Therefore, the circularly polarized antenna provides more advantages as compared to the

linear-polarized antenna.

2.1.2 Circular Polarization and its Important Role in mmWave Communications

Circularly polarized (CP) antennas have received much attention in recent years compared to
linearly polarized counterparts. CP has the potential to achieve radiation to reduce multi-path
effects. CP can also allow more flexible orientation of the receiver and transmitter antennas
[15]. CP describes a unique polarization state where the electric field vector rotates in a circular
pattern as the wave propagates. This property allows CP signals to maintain their integrity in
the face of signal polarization mismatches and multipath interference, making them highly
resilient and suitable for numerous applications. From satellite communication and global
positioning systems to radar technology and wireless communication, CP plays a pivotal role
in ensuring reliable and robust signal transmission. The
design and deployment of circularly polarized antennas,

coupled with a deep understanding of CP principles, are

fundamental in achieving superior signal quality and  rigure 2.2: Circular polarized waves.
performance in today's complex and challenging communication environments. Circular
polarization2 can be obtained if two orthogonal modes with equal amplitudes and 90-degree
time phase differences as illustrated in Figure 2.2. This can be achieved by adjusting the

physical dimensions of the antenna or by various feed arrangements [15].
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The significance of employing circular polarization, as opposed to linear polarization, in the
next generation of millimetre-wave applications is underscored by several key factors. Firstly,
the issue of reflectivity comes into play, as microwave signals interact with materials they
encounter. This interaction can result in signal reflection from the ground or other objects,
potentially causing a polarization reversal — for instance, a right-hand circularly polarized
(RHCP) wave may become left-hand circularly polarized (LHCP) [16]. By utilizing RHCP
antennas at the receiver, it becomes possible to reject LHCP reflected signals, effectively
mitigating multipath interferences stemming from these reflections.
Furthermore, CP also provides immunity against the Faraday rotation effect caused by the
ionosphere, a phenomenon that can result in significant signal loss, often exceeding 3dB [17].
Lastly, CP antennas offer the benefit of not requiring strict alignment between the transmitting
and receiving antennas, in contrast to linearly polarized antennas, which are susceptible to
polarization mismatch if misalignment occurs [18]. This feature proves especially valuable in
mobile satellite communications, where maintaining a constant antenna orientation can be
challenging. As a result, received CP signals remain robust and consistent regardless of antenna
orientation, ensuring a reliable communication link.
When a plane radio wave propagates over an extensive distance, it lacks field components in
the direction of its travel (referred to as the z-direction), thereby assuming the form of a
transverse electromagnetic (TEM) plane wave. The instantaneous field of such a plane wave
may be described as follows:
E=E.+E, (2.3)

where the E,, and E,, components are specified as:

E, =E,ncos (Wt +k,, +®,) (2.4)

E, = Eyycos (Wt +ky, + D) (2.5)
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In this context, E,,, and E,,, represent the maximum values, and k,, denotes the free-space

wavenumber, which is defined as k,, = 2m/A. The radiated wave’s polarisation can be
categorized as linear, circular, or elliptical, depending on the orientation of its electric field

vector E. When z = 0, the equation above can be streamlined as [19]:
E, = E,ncos (Wt + D) (2.6)
E, = Eyycos (wt+ @) (2.7)

The polarization is circular only when both E, and E, field components have the same

magnitude and in quadrature, i.e.,

Exm = Eym = En (2.8)
AP =P, — P, = J_rg +2nm, n=0,1,2,... (2.9)
When @, — @, = g Equations (2.8) and (2.9) can be expressed as:
E, = E, cos (Wt + @) (2.10)
E, = Ep, cos (Wt + o, + g) = —FE,, sin(wt + ®,) (2.11)

It is a well-established principle that the magnitude of the electric field vector remains constant,
while its orientation changes over time. This results in the electric field vector undergoing
circular rotation within the xy plane, aligning with the propagation direction as shown in Figure
2.3. Furthermore, when we talk about circular polarization, if the electric field vector rotates
clockwise, it is referred to as RHCP, as demonstrated in Figure 2.3a. Conversely, if the electric

field vector rotates counterclockwise, it is defined as LHCP, as depicted in Figure 2.3b.
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a: Major axis
b: Minor axis

(@) (b) (©

Figure 2.3: E-field vector of (a) Right-hand circular polarisation and (b) Left-hand circular polarisation (c)
Elliptical polarisation.

Circular polarization quality was evaluated by employing the axial ratio (AR) parameter,
determined by dividing the maximum electric field strength, associated with the maximum
radius of the ellipse, by the minimum electric field strength, corresponding to the minimum
radius of the ellipse, as depicted in Figure 2.3c. Therefore, the mathematical representation of

the axial ratio can be expressed as follows:

AR = 20logy, (22ex) (2.12)

Emin

where |E| (2) = \/% (E2 + E2) + /(B2 + EX + 2E2E2c0s2AD).

min

From the equation presented above, when the magnitudes of Ex and Ey are equal, and their
phase difference is precisely 90° the axial ratio AR = 0 dB, which means the wave’s
polarisation is circular. In practical terms, when AR is at or below 3 dB, it signifies that circular
polarization has been achieved. Conversely, if AR exceeds 3 dB, it indicates the presence of
linear polarization. This 3 dB threshold serves as a crucial criterion for assessing polarisation

characteristics.
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2.2 Loop Antenna

In recent years, the loop antenna has received much research attention due to its simplicity,
cost-effective implementation, fabrication simplicity, and versatility for many applications
[27]. The loop antenna, renowned for its versatility, has found a newfound significance in the
realm of mmWave applications, showcasing its adaptability and effectiveness in harnessing the
power of these exceptionally high-frequency radio waves. With mmWave frequencies typically
ranging from 30 to 300 gigahertz, the challenges of efficient signal reception and transmission
become increasingly demanding. The loop antenna rises to this challenge with its inherent
qualities, making it an invaluable tool for various cutting-edge applications. In mmWave
communication systems, the loop antenna's compact form factor and its ability to resonate at
these elevated frequencies are crucial. Its size is particularly advantageous, as mmWaves
require smaller antenna elements to maintain the necessary gain. Loop antennas can be
conveniently integrated into compact electronic devices, making them suitable for applications
like 5G and beyond, wireless communication systems, and high-speed data transmission.
Moreover, loop antennas excel in their capacity to minimize interference and cross-
polarization, ensuring that the signal remains pure and highly directional. This is essential in
applications like automotive radar systems. The loop antenna's resilience in harsh
environmental conditions, low noise characteristics, and ability to maintain high gain at
mmWave frequencies have made it indispensable in a range of scientific and research
applications. These include spectroscopy, remote sensing, and even security scanning
technologies, where precision and reliability are non-negotiable. The loop antenna is typically

classified as either an electrically small or electrically large loop antenna.
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2.2.1 Electrically Small Loop Antenna

The electrically small loop antenna is characterized by its overall length (circumference)
typically being less than one-tenth of a wavelength (C < A/10). When these antennas radiate,
the nulls are perpendicular to the antenna axis, while the major lobe is along the antenna axis.
An electrically small loop of a single turn has low radiation resistances compared to their ohnmic
loss resistances. Therefore, they are usually classified as poor radiators, which are not suitable
for transmission in radio communication while it is typically in the receiving mode, where the
efficiency of the antenna is not as crucial as the signal-to-noise ratio (SNR) [20]. These
antennas, whether circular or of any shape, display field patterns and resistance curves closely
resembling those of infinitesimal dipole antennas. The electrically small loop antenna primarily
demonstrates inductive characteristics, in contrast to the predominantly conductive nature of a
short dipole antenna [21]. The current distribution across an electrically small loop remains
constant throughout the loop, maintaining a uniform phase and amplitude. It is worth noting
that the electrically small loop's radiation resistance can be significantly enhanced by adding
more turns, bringing it closer to the characteristic impedance of practical transmission lines.

Radiation resistance of small circular loop antenna in free space R, can be calculated as [20]

R, = 2072 (%)4 (2.13)

where c is the circumference and A is a wavelength. Equation (2.13) provides the radiation
resistance for a single loop, but when the loop antenna has an N turn, then the radiation

resistance would be increased with a factor of N2

R, = 2072 (£)4N2. (2.14)
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2.2.2 Electrically Large Loop Antenna

The electrically large loop antenna is distinguished by its overall length (circumference), which
approximates a free-space wavelength (C ~ A). When compared to its smaller counterpart, the
large loops radiate the nulls in the direction of the antenna'’s axis, while the major lobes extend
perpendicularly to the antenna axis. Notably, the current distribution within an electrically large
loop is no longer uniform, exhibiting varying phases and amplitudes throughout the loop. This
variance results in distinct characteristics when compared to smaller loops. In the case of the
electrically large loop antenna, its radiation resistance is substantially higher, leading to
enhanced radiation efficiency compared to electrically small loop antennas. This difference in
size and current behavior underscores the pivotal role played by electrically large loop antennas
in addressing unique challenges and opportunities within the field of electromagnetic
engineering. The radiation resistance of large circular loop antenna in free space can be given

as [21].

R, = 6072 (%) (2.15)

Loss resistance of small & large circular loop antenna in free space (one turn) is given as

_ [om
Ry = 2mb | 20’ (2.16)

where u, is the permeability of free space, and o is the metal conductivity.

2.3 Array Antenna

An antenna array refers to groups of antennas, which work together as a single antenna to
transmit or receive radio waves albeit with desired directional characteristics of a particular
shape. Besides, the array antennas achieve a performance improvement that can produce

radiation patterns that are not produced by a single antenna [22].
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As mentioned earlier, high directivity is often required in the mmWave frequency range, while
the radiation patterns of an individual antenna are relatively wide with low gain. It should be
noted that high directivity of a single antenna can be achieved by enlarging the dimensions of
the radiating aperture to be much larger than A, but multiple side lobes will appear. However,
an array antenna with small size represents an effective way to increase the electrical size with
a minimum of side lobes Thus, the interference of partial fields generated by individual
elements will be constructive in the desired direction and destructive in the remaining space
[22]. To control the overall antenna pattern, there are fundamental characteristics that need to
be optimized. For example,

= The geometrical configuration of the overall array.

= The relative distance between adjacent elements.

= The excitation amplitude and phase of each element.

= The far-field pattern of the individual elements.
Therefore, the array antenna can be used to increase the overall of gain and directivity. In
addition, arrays facilitate steering the main beam in a particular direction. Besides, arrays can
reduce power wastage. As well as cancel out interference from other directions. This is in
addition to important applications in determining the direction of arrival of an incoming signal
as well as achieving a high signal-to-noise ratio (SNR).
Array antenna has several geometric configurations which can group as follows:

e Linear arrays: the radiation elements arranged in a single line (vertically or

horizontally).

e Planar arrays: the radiating elements arranged in a two-dimensional grid.

e Circular arrays: the radiation elements arranged in a circular pattern.

e Conformal arrays: In this type, the radiating elements are arranged in a 3D surface

plane.
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2.4 Grounded Coplanar Waveguide (CPWG)

Figure 2.4a illustrates a coplanar waveguide (CPW) port accompanied by a ground plane,
which serves as a pivotal element in the field of microwave and radio frequency engineering.
Its primary purpose is to facilitate the efficient transmission and reception of electromagnetic
signals while preserving a coplanar structure, where both the signal trace and the ground plane
are placed on the same layer. This configuration offers several advantages, including reduced
signal radiation, controlled impedance, and improved isolation between neighboring
components on a circuit board. The presence of the ground plane beneath the CPW helps
maintain signal integrity and minimizes electromagnetic interference, making it a versatile and
indispensable tool for high-frequency applications in modern electronics and communication
systems. Figure 2.4b provides an illustration of the approximate dimensions that are essential

for implementing the CPW port.

IW/Z

Figure 2.4: lllustrate a coplanar waveguide port.
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2.5 Overview of the Reconfigurable Antenna Systems.

The IEEE Standard Definitions of Antenna Terms released in 2014 [23] provided a definition
for a 'reconfigurable antenna' as an antenna capable of altering its operational characteristics,
including resonant frequency, radiation pattern, and polarization, through mechanical or
electrical adjustments to its architecture. The reconfiguration process typically involves direct
interaction with the antenna's fundamental operating mechanism, influencing the surface
current or electric field distribution to achieve reversible changes in its output characteristics
[24, 26]. As a result, antennas that lack an integrated reconfiguration mechanism and instead
rely on external reconfiguration circuits or feeding/matching networks are appropriately
classified outside the category of 'reconfigurable antennas." For example, a phased array
antenna'’s performance is primarily controlled by external phase shifters manipulated from the

outside, while the fundamental functioning of the antenna remains unaltered.
2.5.1 Categories of Antenna Reconfigurability

The concept of antenna reconfigurability primarily pertains to the deliberate modification of
its core attributes. In essence, an antenna's performance is primarily governed by three
fundamental characteristics. Depending on which property is intentionally adjusted or fine-
tuned, the reconfigurability of antennas can be classified into four distinct groups, as illustrated

in Figure 2.5.
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Figure 2.5: Three types of reconfigurable antennas: Polarization, Pattern and Frequency.

2.5.1.1 Frequency Reconfigurability

Among the many attributes of antennas, operational frequency stands out as the most pivotal.
Frequency reconfigurability in the context of antennas pertains to the antenna system's capacity
to modify or adapt its operating frequency. This remarkable capability empowers the antenna
to seamlessly shift between various frequency bands or fine-tune its resonant frequency to align
with the prerequisites of a specific communication system or application. Figure 2.1(a)
provides a conceptual illustration of the process of adjusting the operating frequency of an

antenna.

Frequency reconfigurability can be accomplished through a diverse array of techniques,
including the integration of tunable components like PIN diodes or switched capacitors. These
components enable the antenna to change its electrical characteristics, such as the resonant

frequency, impedance, or bandwidth, in response to the desired frequency range.
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Due to its dynamic frequency-regulating behavior, this category of antenna exhibits a notable
trait known as frequency selectivity, rendering it exceptionally useful for interference filtering.
Consequently, frequency-reconfigurable antennas hold great promise as cost-effective and
efficient alternatives to multiple Fixed-Parameter Antennas (FPAS) in various scenarios. This
offers a significant advantage over the current practice of using either separate single-band
antennas or a single wideband antenna to cover the distinct operational requirements of

multiple frequency bands.

2.5.1.2 Pattern Reconfigurability

Pattern reconfigurability represents another valuable attribute of reconfigurable antennas. In
the domain of antennas and electromagnetic systems, a reconfigurable antenna refers to an
antenna's capacity to alter or adapt its radiation pattern to accommodate diverse operational
demands. The radiation pattern of an antenna defines how it radiates or receives
electromagnetic waves in three-dimensional space, and it plays a crucial role in determining
the antenna's coverage, directionality, and performance in various applications. A conceptual

representation of pattern reconfigurability is provided in Figure 2.1(b).

Typically, pattern reconfigurable antennas find application in tasks such as beam steering and
interference nulling. By dynamically adjusting the antenna's maximum radiation, these
antennas can maximize gain in the desired direction, ensuring a dependable connection with

mobile devices and effectively mitigating interference.

2.5.1.3 Polarisation Reconfigurability
Polarization reconfigurability is a notable attribute in the realm of antennas and
electromagnetic systems. It refers to an antenna's capability to adjust or adapt its polarization
state to align with specific operational requirements. Polarization in the context of antennas

describes the orientation of the electric field vector within the electromagnetic wave radiated
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by the antenna. This characteristic plays a critical role in various applications, as it determines
how effectively the antenna can transmit or receive signals and mitigate interference. In Figure
1.1(c), the concept of polarization reconfigurability is depicted.

Polarization reconfigurability can be attained through deliberate alterations in the antenna's
configuration, feed arrangement, or through the application of PIN diodes. This capability of
polarization reconfiguration serves to reduce polarization mismatch losses, enhance resistance

to interference signals, and guarantee robust signal reception for portable devices.
2.5.1.4 Compound Reconfigurability

Compound reconfigurability represents the final category of reconfigurable antennas, notable
for its ability to demonstrate multiple forms of adaptability within a single antenna structure,
employing various control methods. These antennas have the potential to alter their operating
frequency, polarization, scan the radiation pattern, and fine-tune the resonant frequency.
Independently managing an antenna's diverse attributes, including resonance, radiation, and
polarization, is indeed a challenging task, as it risks interference between these features.
Nevertheless, the control over multiple parameters makes the antenna remarkably versatile and

effective in diverse operating environments [27] ,[28].

For instance, compound reconfigurability provides a practical solution to simplify the
complexity of diversity techniques used in communication systems. However, it necessitates
careful design strategies to ensure that the multiple reconfigurability functions within a single

antenna configuration do not interfere with one another during antenna operation.
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2.6 CST (Computer Simulation Technology)

CST Simulation is a leading provider of electromagnetic simulation software, widely used for

the design and analysis of various electromagnetic devices, including antennas.

Designing antennas using CST simulation is a crucial and highly efficient process in the field
of electromagnetic engineering. CST Simulation provides a comprehensive platform for
modeling, analyzing, and optimizing antenna designs. With CST simulation, engineers and
researchers can create detailed 3D models of antenna structures, enabling them to explore a
wide range of design possibilities. This software is instrumental in assessing critical antenna

characteristics, including radiation patterns, impedance matching, gain, and polarization.

In this research, CST Simulation was utilized as a pivotal tool for the simulation and analysis
of various antenna designs and configurations. CST Simulation provided a robust and versatile
platform to model the complex electromagnetic behaviors of our antennas. The software's high
fidelity in capturing real-world electromagnetic phenomena ensured the accuracy of our results.
CST Simulation also enabled us to explore the effects of different materials, substrates, and
structural modifications, helping us make informed design choices. Figure 2.6 presents an

overview of the CST Simulation interface.
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Figure 2.6: Depicts a CST microwave studio.
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2.7 Antenna Design through Simulation

The design and simulation processes are carried out within CST, while the physical or
manufactured antenna is subject to testing and quantification of the S11 parameter using a
Vector Network Analyzer (VNA). Additional evaluation of the antenna's radiation pattern,
circular polarization bandwidth, and gain is performed using a spherical near-field
measurement apparatus. illustrates the flowchart outlining the proposed

methodology.

The proposed antenna design was implemented using CST version 2020, involving the
configuration of various parameters, including the frequency spectrum, port designation, mesh
cells, and simulation modality. A hexahedral mesh, discretizing the computational volume via

rectangular cuboids (X, y, z), was utilized.

The S11 results provide insights into the antenna's performance characteristics, encompassing
impedance bandwidth and resonance frequency. To account for radiation losses in the antenna

and its feed network, the loss tangent was incorporated into the material properties.

The purpose of measuring antenna gain is to quantify the ability of an antenna to concentrate
its radiated power in a specific direction in comparison to an isotropic radiator. As a key
performance parameter, the gain of an antenna is instrumental in understanding various aspects
including directionality, efficiency, and suitability for specific applications. For instance, while
a point-to-point communication system might necessitate a high-gain directional antenna, an
indoor Wi-Fi system could benefit more from a lower-gain omnidirectional antenna. Typically,
antenna gain is measured in dBi, which stands for decibels relative to an isotropic radiator, but

when dealing with antennas that have circular polarization, the gain is measured in dBic.
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2.8 Procedures for Antenna Measurement

To corroborate the findings of the CST Microwave Studio, it is necessary to construct an actual
antenna and subject it to testing. After calibrating the connection cable, measuring the S11
parameter is relatively simple once the antenna is linked to the network analyser. Nevertheless,
far-field evaluations such as the axial ratio and gain are not as straightforward.

The electric field's azimuthal component, represented by E4, and the polar component, denoted
by Eg, can be experimentally ascertained. To accomplish this, the E; component can be
procured by stationing the receiving horn antenna unidirectionally at ¢ = 0° within the anechoic
chamber, while concurrently rotating the transmitting antenna at various elevation angles 0 (0
= 0°, 45° 90° and 360°). The disparity in received power must not surpass 3 dB, which is
equivalent to the axial ratio. This methodology is reiterated for the quantification of the Eg

component by orienting the horn antenna at ¢ = 90°.

When the complex voltage constituents in horizontal and vertical planes exhibit equal
amplitude and are in phase quadrature (£90°), these elements can be amalgamated to delineate
either the left-handed circular polarization or right-handed circular polarization wave
components [9]. The extraction of RHCP and LHCP field components from the assessed

radiation pattern has been executed in accordance with the following procedure:

Eruce = \/% (Ey +JEv) (2.17)

Erncp = \/% (Ey —JEy) (2.18)

where Ey =H, cos(Hp) + Vgsin (1},) (2.19)
E, = H, cos(H,) — V,sin (1},) (2.20)

and AR = 10log (Zrucel*lEncel y (2.21)

|ErHCP|—|ELHCPI
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H, and V,signify the amplitude of horizontal and vertical constituents, whereas H, and V,
denote the phase components ascertained in the far field for each respective orientation. To
assess the antenna gain, a comparative technique has been employed, utilizing an additional
horn antenna at the receiving terminus. The gain of the antenna can be derived from the known

gain of the reference horn through the application of equations (1-7) [107].

Gan i dB = Gyorn in dB + 10l0gso (22) (2.22)

PHorn
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Chapter 3

Circularly Polarized Circular Loop
Antenna Using Coplanar Waveguide Feed

3.1 Circularly Polarized Loop Antenna Design

3.1.1 Introduction

Circularly polarized (CP) planar antennas have become increasingly popular in wireless
communications due to their unique advantages. One key benefit is their ability to minimize
multipath effects, as highlighted in [31], thereby enhancing signal reliability. Additionally, CP
antennas eliminate the requirement for precise alignment between transmitter and receiver
antennas, a distinct advantage over linearly polarised (LP) antennas [32]. Unlike LP antennas,
CP antennas effectively address polarization mismatch issues and mitigate interference arising
from multipath reflections. This makes them a preferred choice for improving the robustness
and efficiency of wireless communication systems.

Several approaches have been suggested for circularly polarized (CP) antenna design,
including those employing multi-feed techniques, dual-probe feed methods, and using a
perturbation to the antenna shape.

In [33], researchers introduced a compact dual-feed square patch antenna operating at 2.45
GHz. This design incorporated bent slots aligned parallel to the central line of the patch.
Circular polarization was achieved by introducing a 90° phase shift between the two ports
through a Wilkinson power divider, which records a A/4 difference between its outputs.

However, the adoption of a power divider and dual feeding accesses for generating left-hand
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circular polarization or right-hand circular polarization introduces signal losses. These losses
can have a substantial impact on the overall efficiency of the antenna system. Furthermore, the
utilization of such components increases both the complexity and cost of the system,
particularly when operating at mmWave frequencies.

Numerous methods have been proposed to design and explore the characteristics of CP open-
loop antennas. Researchers have employed a probe-fed CP loop antenna, as evidenced in
studies such as [34-37]. For example, in [34], an open-loop antenna featuring circular
polarization was introduced, employing a coaxial probe for operation at a frequency of 1.4
GHz. The antenna attained a 12% axial ratio (AR) bandwidth. The study accomplished a
traveling-wave current distribution along the loop by incorporating a gap, leading to the
generation of circularly polarized radiation. Similarly, in [35], a probe-fed circularly polarized
(CP) antenna was demonstrated within X-band frequencies spanning 5.15 GHz to 5.85 GHz,
achieving an axial ratio (AR) bandwidth of circa 16%. The study introduced a parasitic loop
inside the original loop, enhancing the axial ratio bandwidth without a direct electrical
connection to its surroundings. This approach has been adopted in this research design will be
electromagnetically excited through the original loop, and thus, the bandwidth of the axial ratio
can be increased. In [36], a different investigation centered on crafting a reconfigurable
circularly polarized loop antenna intended for operation at 3.8 GHz, showcasing an axial ratio
(AR) bandwidth of approximately 12.7%.

However, probe feeding encounters limitations at higher frequencies, particularly in the
mmWave range, where fabricating antennas with reduced sizes becomes challenging due to the
necessity of drilling holes in the substrate. Hence, the antenna'’s efficiency will be diminished,
impacting the overall system.

This chapter explores the use of a circular open-loop antenna to achieve circular polarization.

By introducing a gap perturbation along the loop circumference, the circular open-loop antenna
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can radiate a circularly polarized wave, whereas loop antennas inherently radiate linearly
polarized waves [38]. To address the limited bandwidth issue of CP loop antennas compared
to spiral antennas, the addition of a parasitic element inside the original loop significantly
enhances the axial ratio (AR) bandwidth [39]. This parasitic element creates an additional
resonance, effectively expanding the AR bandwidth without significantly increasing the size
or complexity of the antenna structure.

Furthermore, the loop antenna has attracted considerable research interest owing to its
uncomplicated design, cost-effective implementation, and adaptability for a range of
applications, particularly at mmWave frequencies [40]. Beyond its simplicity, loop antennas
are extensively employed in direction-finding applications for radar and UHF transmitters,
showcasing their versatility. Moreover, they play a pivotal role in Radio-Frequency
Identification (RFID) applications, underlining their significance in diverse technological
domains. The appeal of loop antennas lies not only in their technical attributes but also in their

broad applicability across various communication and sensing scenarios.

3.1.2 Contribution to this Chapter

The contribution of this chapter encompasses the following key aspects, highlighting its
significance in the field of antenna design:

1. Design and Fabrication of a Cost-Effective CP Open-Loop Antenna: The chapter presents
the development of a circularly polarized (CP) open-loop antenna fed by a coplanar waveguide
port (CPW). This design is specifically tailored for operation at 6 GHz, offering a low-profile

solution that is both efficient and economically viable.

2. Enhanced Axial Ratio Bandwidth through Concentric Parasitic Loop: To achieve wider
bandwidth performance, the antenna incorporates a concentric parasitic loop within the outer
loop structure. This addition effectively enhances the axial ratio bandwidth, allowing for
improved circular polarization characteristics.
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3. Wideband Matching and Excellent Radiation Efficiency: The proposed antenna design not
only achieves wideband matching, covering a substantial frequency range, but also

demonstrates radiation efficiency.

4. Facilitating Future mmWave Antenna Design: The overall performance verification of this
antenna serves as a stepping stone toward the development and fabrication of antennas that
operate in mmWave frequencies. By successfully designing and evaluating this CP open-loop
antenna at 6 GHz, valuable insights and knowledge are gained, paving the way for future

advancements in higher-frequency designs.

3.1.3 Chapter Organization

This chapter is structured as follows: Section 3.2 begins by introducing the configuration and
design principles of the Circularly Polarized (CP) loop antenna. This is followed by Section
3.3, which delves into an in-depth study of the parameters associated with the antenna. In
Section 3.4, a comparative analysis between the antenna with and without the parasitic loop is
presented. Moving on to Section 3.5, the chapter details the prototypes, simulation, fabrication,
and measurements of the proposed CP loop antenna. Subsequently, Section 3.6 offers a
comparative performance analysis of the proposed configuration with existing counterparts
documented in the literature. Finally, Section 3.7 provides a summary and concluding remarks

for the chapter.

3.2 Antenna Configuration

In order to achieve CP radiation, the loop circumference needs to be approximately one
wavelength [41]. This is because the traveling wave current is excited along the loop, which is

the main cause of generating the circularly polarised wave.

When the circumference of a normal loop antenna is approximately one wavelength, the

maximum linear polarization radiation appears in the broadside direction. However, the
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broadside linear polarization radiation can be changed to a circular polarization wave by

perturbing the loop element with the insertion of an air gap along the loop circumference.

As shown in , the CP antenna consists of two open wire loops placed above the lossy
FR-4 substrate, with a size of 27x44x5.6mm and a dielectric constant of er=4.3. The printed
circular loops and substrate are mounted above a square copper plate that acts as a reflecting
ground plane with a thickness of 1mm. As mentioned earlier, the antenna has been fed using a
coplanar waveguide port (CWP) connected to the outer loop at ¢=0, which acts as a driven
loop, while the inner loop acts as a parasitic element. The width of the feed 12 and the distance
I3 between the feed and grounded rectangular pads are optimized to be 0.93 mm and 0.56 mm
for 50Q matching, respectively. By adjusting the size of the parasitic loop and the positions of
the two gaps (@1, 92), an optimal performance for the on-axis (in the z direction) axial ratio can

be achieved.

The circumference of the outer loop can be calculated at the operation frequency of 6 GHz in

terms of the effective wavelength, Aefr, [20] by calculating, the effective permittivity as:

er+1

Eeff= > (31)

From this, the effective wavelength can be expressed as

Ao

Aeff = \/TT. (32)

where A, is the free-space wavelength Finally, the circumference of the outer loop should be

approximately equal to A.¢ to achieve a CP and main beam in the broadside direction, i.e.
27TR1 = Aeff (33)

The antenna has been designed using CST and the optimized geometrical parameters for

the wideband CP loop antenna are listed in Table 3.1.
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Figure 1.1: Geometry of circular loop antenna.
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Table 3.1 Dimensions Parameters of the Antenna

Symbol Quantity Value
R1 outer loop radius 5.85mm
R2 parasitic loop radius 3.9 mm
t1 outer loop width 0.744 mm
t2 parasitic loop width 0.28 mm
l1 pads length 7.44 mm
I2 transmission line width 0.93 mm
s tra;hsemﬂzgigﬁt:’ivr?: r;ctr[])ilds 0.56 mm
W1 pads width 3 mm
Wo the width between the pads & 13 mm

outer loop

ao antenna thickness 0.035 mm

h The thickness of the substrate 5.6 mm

t reflector thickness 1 mm
Subx substrate length 44 mm
Suby substrate width 27 mm
Ap1 parasitic loop gap 50
Ap2 outer loop gap 35°
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3.2 Parameters Study

This section will provide a thorough analysis of how the various parameters affect the CP
antenna results. The term "parameters” refers to the different variables and factors that can
influence the antenna’s performance. These parameters can include the size and shape of the
antenna, the thickness or type of substrate used, the outer loop gap size variation, and the

ground plane effect, among others.

By examining the impact of these parameters, we can gain a deeper understanding of how the

antenna functions and how it can be optimized for specific applications.

3.2.1 Impact of Varying Substrate Thickness

The antenna parameters were thoroughly investigated through simulations by methodically
varying the substrate thickness (h) within a range of 1.6mm to 5.6mm for the circular loop
antenna configuration. As a result, it becomes apparent that the resonance frequency
demonstrates a slight downward trend as the substrate thickness (h) incrementally increases as
shown in . Simultaneously, illustrates a notable enhancement in the axial
ratio bandwidth as the substrate thickness increases. This visualization effectively conveys the
impact of substrate thickness on the antenna's characteristics, facilitating an in-depth

understanding of their relationship and the implications on the overall antenna performance.
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3.2.2 Impact of the Outer Loop Gap Size Variation

The wideband performance of the axial ratio is achieved by introducing a gap in the outer loop.
Figure 3.4 shows the AR variation with different values of Al between 5-35 deg. 25% of

circular polarization bandwidth has been achieved when the gap size is about 35°.

Axial Ratio, dB

TN

5.0 5.5 6.0 6.5 7.0

Frequency, GHz

Figure 3.4: Axial ratio variation with different sizes of outer loop gap.

3.2.3 Ground Plane Effect on the Antenna Performance

The gain of an antenna is influenced by several factors, one of which is the size of the ground
plane. Figure 3.5 presents a detailed comparison of the return loss and axial ratio performance
for the antenna when paired with distinct square ground plane dimensions, specifically lengths
of 60, 70, 80, 90, and 100 mm. The analysis demonstrates that the return loss maintains a
relatively stable pattern across the various ground plane sizes. Additionally, the axial ratio is

only slightly influenced by the alterations in the dimensions of the finite ground plane.
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In Figure 3.6, the simulated gain corresponding to the differing ground plane dimensions,
ranging from 60x60 mm to 100x100 mm, is depicted. The results clearly indicate a positive
correlation between the gain and the expansion of the ground plane dimensions. As the size of
the ground plane increases, the antenna system experiences a corresponding enhancement in

gain, thereby potentially improving its overall performance.

The reason for this is due to several factors, the most important of which are reflections and
surface waves. A larger ground plane provides a more extensive reflective surface for the
radiating elements of the antenna. This increases the constructive interference of the reflected
waves with the direct waves, leading to an enhanced radiation pattern and ultimately, higher
gain. It is important to note that the relationship between ground plane size and antenna gain is
not always linear, and other factors may also come into play. However, increasing the ground

plane size generally results in an enhancement of the antenna’s performance, including its gain.

0 - 20
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-10 4 = GND size 100x100mm L 15
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o -20 l 3
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Figure 3.5: Simulated return losses and axial ratio for the antenna with different ground plane sizes.
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Figure 3.6: Simulated gain for the antenna with different ground plane sizes.

3.2.4 A Comparative Analysis of Configuration Antenna with and Without
Parasitic Loop

The assessment of the antenna’s performance is conducted by comparing scenarios with and
without the inclusion of a parasitic loop. This comparison allows for a deeper understanding of
the impact and effectiveness of the parasitic loop on the overall performance of the antenna

system.

Figure 3.7 presents the simulated axial ratio and gain, comparing scenarios with and without
the inclusion of the parasitic loop. Upon integrating the inner loop, the AR < 3 dB bandwidth
experiences a notable increase from 6.5% to 33%. Despite this improvement, the gain decreases
by approximately 1.1 dBi, attributable to the coupling loss between the two loops. As

anticipated, the parasitic loop significantly enhances the AR bandwidth, given that each loop
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generates an AR minimum. The merging of these two minima ultimately results in the observed

bandwidth improvement.
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Figure 3.7: Simulated axial ratio and gain of single loop and double loop CP antennas.

3.3 Measurement and Analysis

This section presents the fabrication and measurement results. In the case of the proposed PCB
antenna, an anechoic chamber was utilized to measure its radiation pattern and gain
characteristics, employing both transmitting and receiving towers for the evaluation process as
illustrated in Figure 3.8. The reflection coefficients were measured using a Keysight E5071C
vector network analyser.

As illustrated in Figure 3.9, the proposed antenna is capable of providing an extensive
impedance-matching bandwidth, approximately 32.3%, encompassing frequencies from 4.8
GHz to 6.67 GHz, for |S11] is less than -10 dB in the simulation. The measurement results,

covering a frequency range from 4.9 GHz to 7 GHz.
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Within the same figure, a minor discrepancy between the measured S11 results and the
simulated values can be observed. This inconsistency might stem from the soldering process
of the SMA connector, which could be the cause of the noted misalignment.
Additionally, presents the gain performance of the proposed antenna, highlighting
the comparison between the simulated and measured results. At the operational frequency of 6
GHz, the antenna demonstrates a high gain, with the simulated outcome achieving
approximately 7.05 dBic, while the measured result reaches around 6.7 dBic.

depicts a comparison between the measured and simulated axial ratio (AR)
bandwidth, where AR is less than 3dB. Upon examination, it is evident that there is a strong
correlation between the simulated and measured AR bandwidths, with values of 29% and 33%,
respectively. This close agreement signifies the effectiveness and accuracy of the antenna's
design and simulation process. The gain and axial ratio measurements are found to be
consistent with the simulation results within the frequency range of 5 GHz to 7 GHz. The

simulated result of the radiation efficiency is circa 79% at 6 GHz.
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Figure 3.8: Photographs of the proposed antenna in a spherical measurement lab.
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Figure 3.9: Measured and simulated performance return loss and gain of the proposed antenna.
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Figure 3.10: Measured and simulated axial ratio and total efficiency of the proposed antenna.
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Figure 3.12: Travelling-wave current distribution along the loop.
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Furthermore, illustrates the 3 dB axial ratio (AR) beamwidth of the proposed
design at 6 GHz, showing a reasonable agreement between measurement and simulation. The
measured and simulated AR beamwidths at 6=0° are (-9.8° to 13.5°) and (-10.5° to 14.5°),
respectively. Similarly, at 6=90°, the measured and simulated AR beamwidths are (-17.5° to
4°) and (-18° to 5°). This alignment between measurement and simulation affirms the accuracy
of the experiment, highlighting the significance of this research contribution.
In , the simulated current distribution along the loop is illustrated, leading to LHCP.
Circularly polarized waves display dynamic changes in both magnitude and direction during
propagation. The current's amplitude fluctuates along the loop, gradually decreasing and taking
on a spiral or helical path as it rotates around the propagation direction. This traveling-wave
distribution generates the distinctive circular polarization pattern, with the direction (clockwise
or anti-clockwise) determining the polarization sense.
Finally, the far-field radiation pattern for the Antenna Under Test (AUT) has been measured.
The horn antenna is used as a reference antenna for this purpose. Both antennas' apertures are
parallel to the XY-plane, ensuring that the measurements are made in the same plane. The tests
are conducted with the horn antenna at two different positions: 0° and 90°. At 0°, the E-field
(electric field) of the horn is in the y-direction, and at 90°, the E-field is in the x-direction.
The EL & Er measured and simulated radiation patterns at 6 GHz and phi=0° are presented in
as evidenced by the fact that the E-field component in the left-hand direction (EL)
is greater than the E-field component in the right-hand direction (Er) by approximately 8 dB.
compares the measured radiation pattern at 5.8 GHz and 6 GHz with the simulated
radiation pattern of the proposed antenna. The good agreement between the simulation and

measurement results validates the accuracy of the simulation model.
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Table 3.2 Performance Comparison of the Proposed CP Loop Antenna Those Reported in the Literature

Type of Feedin Operating Su1 AR Peak qain Antenna
Ref. antenna g Frequency bandwidth bandwidth g efficiency
structure (dBic)
Loop *x 16%
[4] Probe-fed 1.4 GHz 6 **
Loop 5.15GHz to - 16% ox
[5] Probe-fed 5 85 GHz 6
Loop *x 12.7%
[6] Probe-fed 3.8 GHz 7 *x
0 0,
7] Loop Probe-fed 5GHz t0 6.5 31% 21% 7 o
GHz
This Loop CWP 5GHzto7 32.3% 33% 7 >79%
work GHz

** The values were not supplied.

Table 3.2 presents a comprehensive comparison of the performance between the proposed CP

loop antenna and various designs documented in the literature. The findings from this table

reveal that the proposed CP loop antenna exhibits commendable impedance and AR

bandwidths within the frequency range of 5 GHz to 7 GHz. Notably, our antenna design boasts

a low profile and is cost-effective, employing CWP feeding as an alternative to the probe feed

structure used in the designs presented in the comparative studies.

The presented design showcases an impressive AR bandwidth of approximately 33%,

outperforming the results reported in all the aforementioned comparisons. Furthermore, our

design achieves an antenna efficiency surpassing 79%, while the efficiency of the designs in

the reported comparisons remains undisclosed.
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3.4 Summary

In the 6 GHz UNII band, a wideband CP circular loop antenna has been successfully developed,
showcasing an impressive AR bandwidth exceeding 33%. The integration of a parasitic loop
has played a crucial role in significantly expanding the AR bandwidth and achieving LHCP
radiation. The antenna's structural simplicity and CP sense flexibility, combined with the
utilization of CWP feeding instead of the probe feed structure, make it highly suitable for a

broad range of wireless communication applications, particularly at mmWave frequencies.

The experimental results highlight that the proposed antenna exhibits exceptional radiation
efficiency, reaching circa 79%, accompanied by a gain of ~6.7dBic. These findings underscore
the antenna'’s efficacy and further emphasize its potential for advanced wireless communication

systems.
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Chapter 4

Circularly Polarized Millimeter-Wave
Phased Array Antenna Using Time Delay
Transmission Line.

4.1 Circularly Polarized Array Antenna Design

4.1.1 Introduction

Currently, there is an ever-increasing demand for higher data rates to support bandwidth-
hungry applications driven by the Internet of Things (1oT) devices [41]. This has motivated
researchers to move to higher operational frequencies such as the mmWave bands to meet
the requirements of high data rates [42]. However, mmWave signals face several technical
challenges such as high propagation attenuation, high directivity requirements, atmospheric
absorption, and sensitivity to blockage [43]. Therefore, innovative approaches and insights
in the architecture and design of mmWave systems are required to cope with these challenges.
To this end, high-gain antennas have been investigated using various configurations,
including the Yagi-Uda structure [44], backing cavity [45], superstrate antenna [46], lens
antenna [47], metamaterials [48], parasitic elements [49], and arrays [50]-[59]. Among all
these design techniques, antenna arrays represent the most widely used approach to
increasing the gain. [60]. Besides, beam-scanning antennas are widely used in military and
civilian sectors because of their flexibility and agility in beam pointing as well as their ability
to seek and track target signals on moving carriers [61]. Due to the advantages of minimizing
the impact of polarization mismatch and mitigating multipath interferences, antenna arrays

with circularly polarized elements are preferable in comparison to those utilizing linearly
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polarization. Additionally, a CP phased array antenna has the potential to improve the signal
quality in transmission and reception. Therefore, CP beam-scanning represents a key
technology for several wireless systems applications such as satellite communications,
remote sensing detection, electronic jamming, radar, and navigation.

However, the achieved AR bandwidth depends on the utilized antenna element’s CP
bandwidth and on the performance of the sequentially phase rotated feeding network. Further,
the main beam’s AR may deteriorate when the scanning angle is shifted away from the
broadside direction. Therefore, achieving CP antenna arrays with wide AR scanning angles
represents a challenge. To this end, several methods have been proposed to design and
explore various design criteria for CP phased array antennas [62-65]. Specifically, the use of
sequentially rotated CP spiral antenna elements operating at X-band frequencies [62].
Additionally, a CP phased array of dielectric resonator antenna (DRA) elements working at
10.5 GHz, has been proposed with a main beam scanning range of 22° [63]. Furthermore, a
CP beam-scanning approach has been explored using an air-filled substrate-integrated
waveguide in the 12-18 GHz frequency range, with scanning angles between 28° and -13°
[64]. Additionally, a space-fed multi-beam reflect array reconfigurable patch array antenna
operating at 3.65 GHz has been proposed in [65]. Despite the encouraging outcomes of
utilizing circularly polarized beam-scanning antennas, a number of technical challenges
persist that must be resolved. One prominent issue is the lack of a low-complexity design that
is both feasible and practical for real-world implementation. Addressing this challenge is
crucial for the widespread application and adoption of CP beam scanning antennas. As an
array element, the loop antenna offers several advantages over other counterparts such as the
easiness of fabrication, implementation simplicity, and low cost [66]. These advantages mean
the loop antenna can be utilized easily as an array element in many wireless applications.

However, most of the reported loop antenna arrays offer linear polarization or dual linear

55



polarizations, which is also the case for patch antennas [67]. On the other hand, there are few
papers that are focused on CP arrays, especially with respect to beam steering. For example,
an X-band CP-linear array of 10 sub-array elements was proposed with a broadside gain of
17.4 dBic and a CP beam steering range of +15° [68]. Hence, the work does not address the
challenge of operating at the higher frequency, i.e., mmWave, bands and thus, falls short of
predicting the system performance in this preferred scenario. In another study, a 2x2 DRAS
array was designed to operate in the X-band frequency range, i.e. at 10.5 GHz, and the results
demonstrated a monotonic CP beam scanning from —22° to 22° albeit with a lower array gain
of ~6.6 dBic [69]. Besides, the antenna is designed for the X-band, hence bulk production is
complex and costly at mmWave frequencies due to the required precise alignment and
bonding of each DRA. Furthermore, a 1x § stacked CP patch elements phased array antenna
was designed with a beam scanning range of +45°at a low-frequency band of 3.5 GHz [70].
In that paper, the importance of achieving AR while steering the beam at the desired angle
has been emphasized. However, the variation of the 3 dB AR bandwidth as a function of the
scanning angle (8) has not been presented. In addition, the CP radiation is based on using
PIN diodes since a CP patch was designed using reconfigurable 2-bit phase states. Hence,
using a large number of PIN diodes may be complicated and costly to manufacture and bias
at mmWave frequencies. Moreover, a CP tightly coupled mmWave array with chamfered
corners and etched cross-slot patch elements was reported in [71], with a simulated 3 dB AR
bandwidth of 15%. Nevertheless, the achieved CP beam steering has not been verified
experimentally.

Furthermore, many of the reported CP loop antenna designs are focused on a probe-fed loop
antenna [72-74] with usually wider CP bandwidths that are associated with a high antenna’s
profile. For example, a study focused on designing a CP loop antenna for the C-band

frequency range, specifically at 6 GHz, demonstrating an AR bandwidth of around 15.3%
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albeit with a voltage standing wave ratio (VSWR) that exceeds 2 over the achieved CP
bandwidth [73]. Another wideband probe-fed CP loop antenna, operating at 2.5 GHz, was
reported in [74] with an overlap of ~15% between the CP and impedance bandwidths.
However, the wide bandwidths of those probe-fed loops were achieved using a high antenna
profile of 0.2A0-0.25ko, which can be impractical for many applications, especially at
mmWave frequencies.

Based on the above literature review, it can be observed that a viable CP antenna array design
that is feasible for high operational frequencies is needed. In addition, and to the best of our
knowledge, a study of the involved design and measurements of mmWave phased array that
can achieve CP beam scanning has not been investigated earlier.

In this study, a low-profile phased array of CP-circular loop elements is designed and
fabricated to provide a CP beam steering range of +25° at 27.5 GHz using a coplanar
waveguide port (CWP). This has been achieved based on the wideband CP and wide-angle
scanning characteristics of the loop antenna. To this end, a 1 x 4 LHCP linear array antenna
based on the proposed circular loop elements is fabricated and measured. Comprehensive
simulation and measurement results are presented to demonstrate the effectiveness of the
proposed antenna design. Achieving precise control of beam steering across a range of angles
involves the utilization of a corporate feed network in conjunction with four-phase shifters
that apply advanced transmission line time delay techniques. This approach enables the fine-
tuning and adjustment of the main beam direction with high accuracy, ensuring optimal
performance. The results demonstrate that the proposed CP phased array achieves promising
performance in terms of the respective impedance and AR bandwidths of 10.9% and 8% over
the same frequency range in combination with a scanning angle range of +25°. This is
combined with a high gain of up to 11 dBic over the CP beam scanning range. The results

demonstrate that the proposed CP phased array antenna could be useful for mmWave
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applications and practical implementations such as satellite and wireless communications

systems.

4.1.2 Contribution to this Chapter

In light of the challenges mentioned above, we outline the following key contributions of the
presented work:

1. A cost-effective, low-profile, CP single-loop antenna is designed and fabricated for the
millimeter-wave frequency range. The proposed antenna design incorporates two concentric
loops, with the outer loop serving as the active element and the inner loop enhances the CP
bandwidth. This design delivers commendable performance characteristics in terms of both
return losses and axial ratio bandwidths.

2. Four-phase shifters are implemented using the transmission line time delay technique. The
phase shifters enable beam steering at various angles by controlling the phase of the
electromagnetic wave.

3. A 4-element open loop array antenna is created to achieve CP beam steering over a range
of £25°. In addition, the low-cost design offers a high gain of 11 dBic using a considerably
reduced number of elements compared to the designs reported in the literature. The reduced
number of elements means a simpler and efficient feeding network can be utilized.

Furthermore, the beam steering capability increases the range and efficiency of the antenna.

4.1.3 Chapter Organization

This chapter is organized as follows; Section 4.2 introduces the configuration and design
principles as well as the simulation and measurement results of the single-loop element
configuration. Sections 4.3 and 3.4 presents the methodology of the proposed phased array
antenna design. The prototypes, simulation, fabrication, and measurements of the proposed

antenna arrays are presented in Section 4.5. The performance of the proposed configuration
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is compared to counterparts in the literature in Section 4.6. This chapter is summarized in

Section 4.7.

4.2 MmWave Circularly Polarized Antenna Design and Configuration

This section discusses the proposed designs of single and array antennas and configurations
with the aim of achieving a CP beam-steering by changing the excitation phase of the individual
elements. The simulations were implemented using the Computer Systems Technology (CST)

Microwave Studio.

4.2.1 Design of Circularly Polarized Single Element

For the design of a single element, three-layers are used that include the actual antenna, Rogers
RT/Duroid 4003C substrate with a dielectric constant of er=3.55 and a loss tangent of
tand=0.0027, as well as a copper ground plane. The substrate size is 37 mm x 40 mm x 0.508
mm and the geometrical parameters of the circularly polarized loop antenna are listed in Table

4.1.

illustrates the geometry of the proposed wideband CP antenna element. The printed
circular loop and substrate have been mounted above a square copper plate, i.e., the wafer
backplane, which acts as a reflecting ground plane. The proposed antenna consists of two
concentric loops in which the outer loop represents the active element. Besides, the antenna
radius needs to be selected so that the loop’s circumference is approximately one effective

wavelength, Aeff Which has been achieved according to the dimensions in Table 4.1.

The outer loop gap, Ag,, is optimized to establish a traveling wave current distribution along
the loop, which is essential to achieve the circular polarization. Besides, the inner loop has been

chosen with a smaller gap to enhance the CP bandwidth.
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Figure 4.1: The geometry of the proposed wideband CP antenna element.

Figure 4.2(a) illustrates the measured and simulated return losses of the proposed single
element, where a reasonable agreement can be observed between the measured and simulated
data, indicating the accuracy of the measurements. Furthermore, the results indicate that the
proposed element exhibits a relatively wide bandwidth, as evidenced by the recorded
measurement results of approximately 8.2% compared to the simulation result of 8.1%, both

centered at 27.5 GHz.

In Figure 4.2(b), the antenna performance is evaluated in terms of axial ratio bandwidth and
gain. The results indicate that the proposed antenna exhibits relatively wide measured and
simulated CP bandwidths of approximately 4.7% and 4.4%, as determined by the 3 dB criteria.
This means that the antenna maintains a constant polarization purity over a relatively wide
range of frequencies. Furthermore, the measured and simulated single antenna’s gains are ~6.1
dBic and 6.7 dBic, respectively.
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Table 4.1 The Parameters of the Proposed Antenna

Symbol Quantity Value
R1 Outer loop radius ~ 1.25 mm
R, Par_asmc loop 0.9 mm

radius
t1 Outer loop width 0.2 mm
Parasitic loop
t2 width 0.24 mm
| Transmission 0.24 mm
? line width '
Gap between the
I3 transmission line 0.28 mm
& pads
Antenna
% thickness 0.035 mm
Reflector
t thickness 0.035 mm
Ap2 Outer loop gap 0.16 mm
don Parasitic loop 0.2 mm

gap
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Figure 4.2: Simulated and measured results of the single loop (a) Return losses (b) AR and gain.
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Figure 4.3: Depiction of current distribution within the circular loop.

Figure 4.3 depicts the current distribution within the circular loop. The circularly polarized far-
field can be represented in terms of the right-hand, Er, and left-hand, E., field components. At
the same time, Figure 4.3 indicates a clockwise traveling-wave current, which results in an
LHCP wave in which EL is greater than Er by about 13.16 dB. The results demonstrate that the
proposed antenna element satisfies the requirements of Ka-band frequencies in terms of return
losses, size and bandwidth. Overall, the study suggests that the simulated and measured results
are approximately matched. Additionally, the proposed antenna offers favorable outcomes,

which has inspired further research into CP beam scanning utilizing 4-element antenna arrays.
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4.3 CP Array Design Methodology
4.3.1 Structure of Using True Time Delay for Beam Direction

In the phased antenna array, a time delay is needed for beam steering. However, a time delay
can also be emulated with a phase shift, which is quite common and practically implemented
in many applications [75]. As illustrated in phase shift can be achieved using
transmission lines with different electrical lengths. If the insertion phase, i.e., the phase of S21,
of the two lines are @; and @, respectively, the phase shift can be expressed as AP =@ —;,.
In the proposed design, a parallel feed network has been preferred and used instead of a series
feed network, which is typically simpler to design and implement. Within this parallel feed
network, each arm of the feed network can be adjusted to provide the desired phase shift.
Furthermore, parallel feed networks can be more efficient in terms of power distribution since
they maintain a consistent voltage level across all elements. Conversely, series feed networks
can introduce power losses due to impedance mismatches and variations in

voltage distribution.

[— Delay Arm

Z '
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Boresight

= == — -

(b)

Figure 4.4: (a) Corporate feed network connected to phase shifters of the proposed antenna. (b)
Derivation of phase shift A® as a function of the required beam steering angle [75].

To achieve noise reduction and improve the performance of the array, 45° angle bends of
transmission lines are proposed as shown in Figure 4.4(a) [75]. When a transmission line is
bent by ~90°, small positive and negative charges are built up on the bent surfaces, thereby,
causing the capacitance to develop across the line. This results in a change in the impedance of
the transmission line, which causes a mismatch at the load, and this could reduce the overall

system performance.
The formulation of the phase shift between two adjacent elements can be expressed in terms of
Figure 4.4(b) as:

sinf = cos @ = é (4.1)

where 0 represents the required main-beam direction, i.e.

Ad = dsin6, At = % - Z”dj‘“g

(4.2)

where At represents the time delay.
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defines the trigonometry between different elements, where d represents the
distance between adjacent antennas. The beam is pointed in an off-boresight direction, 0, at an
angle, @, from the horizon. The time delay [ is used in beam steering, which is equal to the time
that it takes the wavefront to travel over the distance L. Furthermore, L is a fraction of the
wavelength, and thus, a phase delay could be substituted for the time delay. Therefore, to
determine the phase shift that is needed for beam steering, a phase shift between the adjacent
elements of A® is used, which can be calculated as in equation 4.2. As mentioned earlier, the
distance between the elements was chosen to be ~0.5A, i.e. d=4.65 mm at 27.5 GHz. For
instance, should there be a requirement to steer the beam to an angle of 15°, the optimal phase
shift, denoted as AD, between the elements can be determined. By employing MATLAB code

for calculations, we find that A® amounts to 39.5°.

4.3.2 Calculation of the Physical Length of Phase Shifters

presents the schematic of four transmission line phase shifters; each section
generates a different phase shift determined by its respective transmission line length. The
required microstrip line physical length, I, to generate a phase shift (delay) of A® between

adjacent elements can be calculated as:

AP =k, | = e kol (4.3)

where ko is the free space wavenumber, ¢, is the effective dielectric constant that can be

er+1

calculated as ¢, = >

. By establishing the main beam angle 0 as a function of the phase shift

between adjacent elements, denoted as A®, we can express the normalized array factor for a

uniform linear array as follows [76]:

[nd s;n(e)_%])

NSin (n'd s;n(e)_%)

sin(N

AF[0,Ad] =

(4.4)
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The array factor incorporates conditions where the elements are evenly spaced along the array
axis and separated by a distance d, with a constant phase shift between adjacent elements, and

all elements have equal excitation amplitudes.

Therefore, employing MATLAB code, A® has been calculated as the phase difference among
elements within the beam steering £30°. Consequently, the required microstrip physical length

to achieve +15° beam steering has been calculated as 1=0.76 mm.

Utilizing the attained physical length, it is possible to execute the anticipated four-phase shift
from each segment of the microstrip lines. The four-phase shifters of the transmission lines are
designed in CST based on the physical length calculated as 0.38 mm, 0.76 mm, 1.14 mm, and
1.52 mm respectively. As depicted within the blue highlighted regions of Fig. 4.5(a), four-

phase shifters have been simulated to accomplish a beam steering angle of +15°.

exhibits the successful steering of the beam to an angle of +15°, accomplished
utilizing the 'combine result' tool in CST. The phase shifter is simulated without the antenna

elements.

These lengths correspond to a 38.8° phase shift between adjacent elements at 27.5 GHz, with

a marginal difference of around 0.7 between the calculated and simulated results.

The phase shifter’s performance met the design expectation, as demonstrated by the phase of
reflection coefficient obtained from each arm of the transmission line at the operation

frequency of 27.5 GHz, which is shown in

The phase shifter is designed to fit within the antenna elements’ spacing, making the phase

shifting particularly useful for antenna arrays in small electronic devices with area constraints.

67



Time delay phase shifter

T
1/2=038mm, @
AD=35.4°

1_r
Feed Network [ =0.76mm, |— o @

AD=74 20
@—_ Power divider

1T

31/2=1.13mm Py
AQ=113.1°

r

2[=1.51mm, 0
AD=151.9°

s Beam steering at 15° _ 80

68



200

(L/2 = 0.38 mm) : 35.4°
(L/2=0.76 mm) : 74.2°
100 - (L/2 = 1.13 mm) : 113.1°
(L/2 = 1.51 mm) : 151.9°

150 o

Phase, deg
o &

o
o
1

-100

-150

'200 T T T T
26 27 28 29

Frequency,GHz

(c)

Figure 4.5: (a) Block diagram of linear phased array concept using true time delay phase shifters. (b) Polar
radiation pattern with main beam steering to +15°, (c) lllustration of the phase differences as a function of
frequency comparing four transmission lines on a phase shifter.

4.4 Design of Circularly Polarized 4-Elements Antenna Arrays

Now a single element has been tested, 4-element antenna arrays are investigated. Based on the
performance of a single antenna, 1x4 uniform linear antenna arrays are designed with a spacing
of 4.55 mm (=A/2) between adjacent elements, where A stands for the free space wavelength
at 27.5 GHz. The antenna spacing is chosen to achieve maximum gain and minimum side lobe
levels (SLL). The antenna arrays are fed using a parallel feed network with a 0.24 mm wide
microstrip transmission line. By utilizing power dividers and transmission line phase shifters
at the shunt feed of the phased-array antennas, beam steering can be achieved. The
incorporation of vias into the design confers several benefits, such as enhanced grounding,

minimizing surface waves, and expanding the bandwidth, all of which contribute to superior

69



antenna performance. Accordingly, the proposed antenna array has been equipped with six
vias, each with a 1 mm radius and spaced 4 mm apart from center to center.
As per the proposed design, augmenting the number of phase shifters can broaden the scanning
range and enhance the precision of beam shaping. Nevertheless, it's essential to bear in mind
that the complexity and potential cost of the system may be higher with the increased number
of phase shifters, and this relationship often depends on the number of antenna elements in use.

presents the broadside array configuration, where equal length feeding lines are
used to feed the elements. This configuration ensures that all elements receive the same signal
amplitude and phase, resulting in constructive interference and the formation of a strong main
beam at 6=0°. illustrates a current that travels in a clockwise direction, resulting
in a Left-Hand Circular Polarization (LHCP). The maximum magnitude is observed at the
input, and it subsequently decreased as it moves along the loop. presents a photo
of the loop array prototype utilized in the study. illustrates the 2.4 mm connector
used in the measurement, demonstrating that the antenna's hole design is compatible with the
connector, having a centre-to-centre distance of 9.52 mm.

and illustrate the transmission lines that are used to achieve the required
phase shift by utilizing different electrical line lengths. This approach is known as a true-time
delay [76], which can improve the bandwidth of a phased array with parallel feeding. True-
time delay is particularly suitable for broadband applications, as the direction of the main beam
remains constant over a range of frequencies. In essence, true-time delay involves introducing
delay sections along the transmission lines of the feed network, which correspond to the
required phase shift. By adjusting the time delay for each element, the overall phase shift across

the array can be controlled, allowing precise beam steering.

This study employs four phase shifters to enable the steering of a CP main beam by adjusting

their dimensions. Moreover, the traveling current distribution is maintained as in the case of
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the designed single-loop antenna Therefore, the main beam steering process achieves an LHCP
wave, which is the case in the designed single-loop antenna. The illustrated current distribution
of each array structure during the beam steering is depicted in and at 27.5
GHz. provides photographs of the fabricated arrays when a true time delay

transmission line is utilized.

71



40 mm

o | U

¥ e eje

Vias Ground plane

(@)

<

b

!""

A,
N”

v Tate
"} !
o
=
=1

- - AN
LR ] 25 ¥ - ] - )
PR Y BRSO :’.":.' -,‘..'-..‘..‘. 3
’
Or N B e e Kt g
I e S S - e e 3o ) Bl aw 1
< s - x
JAERR T e Rl e U
PRRCIRERREE S e e G S S SRSt £
rore e e s e e e e b :
VAT R RO s Hog s =
v R SN P DARE o X TRY SO ¢
SRR R il S
A BRI Tt
~ N ot A g e 4R ’ 1
. - - . SR R R L 2 -
- - ¥
i E TNt Sl (e !
: SRl R a2 e b s SO STEE
.
o IR T ARy T RPN R TN o
I S O AR i SR A S et
i v eiv e Vi BREGAE s Bicale Saniges e
O IS e T2 STRE 5 B I i R

72



(d)

Figure 4.6: The configuration of 4 circular loops broadside antennas array. (b) current distribution at 27.5 GHz.
(c) Photographs of the prototype (d) ELF50-002 Connector utilized in the measurement process.
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Figure 4.7: The structure of the proposed antenna arrays (a) Array with beam steering to the right-hand side. (b)
Array with beam steering to the left-hand side. (¢) Current distribution at 27.5 GHz for a +15° beam steering (d)
Current distribution at 27.5 GHz for a -15° beam steering. (€) Prototypes of arrays using time delay transmission
line with beam steering to the right-hand side. (f) Prototypes of arrays using time delay transmission line with
beam steering to the left-hand side.
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4.5 Impacts of Beam Steering on Array Performance

Beam steering is an essential capability that provides flexibility in adjusting the main beam
direction to meet specific operational requirements. However, this feature, while beneficial,
also introduces certain limitations that warrant thoughtful consideration during the design and
application of beam-steering systems. Key limitations include the reduction in antenna gain,
depending on the beamwidth of the loop element, the influence of mutual coupling, and the
narrowing of the axial ratio bandwidth, which must be carefully considered in the design and

application of beam-steering systems.

illustrates the simulated gain E-plane radiation patterns at 27.5 GHz within a +30°
scanning range in the E-plane. According to the simulation results, the antenna’s gain
experiences a reduction of approximately 3 dB at angles of +25°. This reduction can be
primarily attributed to the fact that the array factor (AF) depends on the pattern of a point source
element and needs to be multiplied by the radiation pattern of a single loop that has a HPBW
of 83°. Therefore, it is expected that the array’s gain is reduced when the main beam is steered.
In addition, as the transmission line length of the phase shifter is augmented, it may contribute
to an escalation in the mutual coupling, thereby inducing modifications in the radiation patterns
of individual loop elements. Ultimately, this sequence of events leads to a reduction in the

overall pattern gain.

The variation of the AR bandwidth during the beam steering of £30° is presented in

The findings indicate that as the scanning angle increases, the AR bandwidth in each scanning
plane experiences a reduction. For instance, at a scanning angle of 30°, the requirement of AR
< 3 dB is met over a narrower frequency range of 27.4 GHz to 27.5 GHz. This reduction in the

AR bandwidth can be attributed to the change in the traveling wave current distribution of each
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element due to mutual coupling caused by an increase in the length of the phase shifter

transmission line. (According to , there is no AR that is less than 3 dB at -30°).

Table 4.2 illustrates the phase difference between the two elements, and also reports the
physical length of four transmission line phase shifters within a beam steering spectrum that

spans £30 degrees.

Table 4.3 presents a summary of the achieved gains and AR bandwidth results during the beam
steering range. From Table 4.3, it can be observed that a useful AR bandwidth of ~200 MHz is

achieved when the main beam is steered to +30°.

Table 3.2 Phase differences and physical lengths of the phase shifters within a beam steering range of £30°

Scan The physical length of the transmission line (mm) Phase
angle difference
Phase Phase Phase Phase Between two
shifter 1 shifter 2 shifter 3 shifter 4 elements
(1/2) () (31/2) @)
5° 0.135 0.27 0.405 0.54 13.4°
10° 0.27 0.54 0.81 1.08 26.6°
15° 0.38 0.76 1.14 1.52 39.5°
20° 0.53 1.06 1.59 2.12 52.5°
25° 0.655 1.31 1.965 2.62 64.9°
30° 0.775 1.55 2.325 3.1 76.7°

Table 4.3 Gain and AR Bandwidth within a Beam Steering Range of +30°

Scan AR bandwidth Gain Scan AR bandwidth Gain
angle % dBic angle % dBic
5° 4.4 10.6 -5° 4.5 9.97
10° 6 10.5 -10° 5 9.43
15° 4.8 10.2 -15° 6 9.23
20° 3.8 9.33 -20° 4 8.61
25° 0.72 8.3 -25° 0.7 7.65
30° 0.25 7.2 -30° 0.2 7.25
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(b)

180

(b)

Figure 4.8: illustrates the simulated gain E-plane radiation patterns at 27.5 GHz within a £30° scanning range in
the E-plane.
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Figure 4.9: Simulated AR as a function of frequency; (a) Beam steering range of 0° to 30° (b) Beam steering
range of -30° to 0°.
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Figure 4.10: Photographs of the array antennas in a spherical measurement lab.

4.6 Fabrication and Measurements

This section presents the fabrication and measurement results. To this end, three prototypes of

the proposed CP 4- elements circular loop array are fabricated and tested to verify the design.

The measurements are conducted using the E5071C mmWave vector network analyzer, as well
as the National mmWave Measurement Facility (NmmMF) [77]. The reflection coefficient was
measured using a 2.4 mm SMA and an N5245B vector network analyzer (VNA). Noting that
the (SNF-FIX-1.0) measurement system is suitable for measuring mmWave antenna packaged
on chips with frequency ranges from 10 GHz to 110 GHz. Figure 4.10 presents photographs of

array antennas in the NmmMF during the measurement process.

It is important for the phased array to maintain good impedance matching at all beam steering
angles. To verify this, simulations and measurements of the return losses have been carried out
at beam steering angles of -15°, 0°, and 15° degrees and compared as illustrated in Figure 4.11.
The results demonstrate an excellent agreement between simulations and measurements.

Besides, the results also indicate that particularly good impedance matching is achieved across

81



all the beam steering angles. For each of the evaluated beam steering angles (-15°, 0°, and 15°),
the simulated antenna arrays exhibit percentage impedance bandwidths of approximately
13.8%, 17.4%, and 13.8% respectively, while the measured results show bandwidths of around
14.5%, 18.1%, and 14.5% respectively. This indicates that all three antenna arrays operate

within the same frequency range during the beam steering process.

-10

Return Loss, dB

0° Simulated
0° Measured
+15° Simulated

-40 - +15° Measured
-15° Simulated
-15° Measured
_50 T T T T
25 26 27 28 29 30

Frequency,GHz

Figure 4.11: Return losses as a function of frequency for different beam steering angles.
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The measured and simulated axial ratios of three antenna arrays are presented in Figure 4.12 at
three scanning angles. The simulated 3dB AR bandwidths are approximately 8.1%, 6.3%, and
8.4%, which are in close agreement with the measured results of 7.5%, 6.6%, and 8.7%, all
centered at 27.5 GHz. In addition, the 3 dB AR beamwidths of the three cases are depicted in
Figure 4.13 at 27.5 GHz with reasonable agreement between results and simulations. For
example, for a main beam direction of -15°, the respective measured and simulated AR
beamwidths are (-18° to 12°) and (-19° to 11°). Similarly, when the main beam is directed at
0°, the respective measured and simulated AR beamwidths are (-16° to 16°) and (-25° to 19°).
Finally, for a main beam direction of 15°, the respective measured and simulated AR
beamwidths are (—11° to 22°) and (—7° to 18°). This validates the correctness of the

experiment and underpins the contribution of this research.
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The EL & Er radiation patterns at phi=0 are presented in for the three considered
arrays with a close agreement between measurements and simulations. In all cases, E. is
stronger than Eg, which corresponds to an LHCP sense. For example, E_ is greater than Er by
more than 15 dB in the case of broadside radiation. However, the difference between E. & Er
is reduced as the steered beam angle is increased, which indicates the degrade of the circular
polarization level. The maximum gains of three antenna arrays are presented in :
where it can be observed that the measured broadside gain is circa 10.8 dBic. In addition, the
antenna gain is gradually reduced when the scanning angle is increased, as has been discussed
earlier. For example, when the scanning angle is increased to -15°, and +15°, the antenna gain
is reduced to about 9.8 dBic and 10.2 dBic, respectively. Moreover, the results indicate that the
side-lobe levels are increased due to the beam steering. presents the radiation
efficiency for the three antenna arrays. The simulated and measured results depict a high
radiation efficiency of circa 86% for the three different beam steering angles considered at 27.5
GHz.

Expanding the number of elements in the antenna array beyond four may yield advantages,
including increased gain, enhanced beam steering accuracy, and extended scanning
capabilities. However, it also comes with challenges related to increased size, complexity, and
cost, which need to be carefully considered in the design and implementation of the antenna

system.
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Figure 4.16: Simulated radiation efficiency (n) for three different beam steering angles.
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Table 4.4 Performance Comparison of the Proposed CP Phased Array Against Those Reported in the Literature

; Su AR ;
Number . Operating . . Scanning Peak Antenna
Ref. of cl:i‘ulianykt)eig rilrznez Frequency | Pandwidth | bandwidth angle gain | efficiency
elements range (dBic)
X-band 8- 0, *% 0 *% *%
[62] 4x4 5 93x97 12GHz 40% +25
_1°0
[64] | 1x10 5 ox X-band 40% 18% 1+328§° 1272 | £32%
X-band 4.3% 4.7% 0 wox
[69] 2%2 6 45x45 10.5GHz +22 6.6
[71] 4x16 6 ** mmWave 6.6% *k +40° ** **
This mmWave 0 o
work | ¥4 3 8740 | 275GHz | 10.7% 8.3% *25 108 | >8%

** The values were not supplied.
¢ The exact values were not supplied, and the data were obtained by extrapolating the given
information.

4.7 Performance Comparison

Table 4.3. presents a comparison between the performance of the proposed CP phased array
antennas and the state-of-the-art designs reported in the literature. From this Table, it can be
observed that the proposed CP phased array offers a good impedance and AR bandwidths at
the mmWave frequency range. In particular, the array proposed is characterized by a cost-
effective and streamlined design, notably featuring a low-profile structure composed of just 3
PCB layers. In contrast, contemporary designs, as evidenced in comparative literature, often
rely on 5 or 6 layers. Consequently, the previous designs, with their increased layers count,
exhibit heightened complexity and cost when juxtaposed with the proposed design.
Furthermore, adopting a time delay transmission line structure to achieve beam steering results
in a notable reduction in the overall cost. This approach involves a simplified configuration
that contributes to cost saving by avoiding the need for complex and expensive components or
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techniques typically associated with beam steering methods.

In addition, a reduced number of elements is utilized in the proposed design to achieve a
maximum gain of 10.8 dBic, which is comparable to the published state-of-the-art designs that
use more antenna elements. In addition, the sizes of the presented phased arrays are smaller
than those published earlier. Furthermore, the proposed antenna arrays demonstrate a CP beam
scanning range of £25 degrees, surpassing the beam scanning capabilities presented in [64],
and [68]. Moreover, the antenna efficiency of our design exceeds 85%, which significantly
outperforms the efficiencies reported in [62], [64], [68], and [71]. In [68], the authors
accomplished a 4.3% (AR) bandwidth, whereas in [81], the AR bandwidth curve has not been
provided. In contrast, the presented design attains an AR bandwidth of ~ 8.7%, surpassing the
results presented in [68]. Although the proposed antenna can cover an axial ratio over a beam
steering range of +25°, the decision was made to fabricate the design with a scanning angle of

+15° due to the wider AR bandwidth and higher gain at this angle.

4.8 Summery

This study proposed a 4-elements phased array of circular loop antennas to achieve CP
radiation. It has been observed that by adjusting the lengths of the transmission line phase
shifter, the main beam can be efficiently directed to achieve CP beam at scanning angles of up
to +25°. In addition, this study demonstrated that LHCP radiation can be obtained during the
beam steering at 27.5 GHz with a peak gain of circall dBic in a combination with a radiation
efficiency that exceeds 85%. Another advantage of the proposed phased array configuration is
the simpler and lower cost design compared to the published counterparts. The results confirm
an excellent agreement between the measured and simulated results, which underpins the
contributions of this research. The promising results obtained by the proposed antenna make it

useful for practical implementations such as satellite and wireless communications systems.

89



Chapter 5

Cost-Effective Design of Polarization and
Bandwidth Reconfigurable Millimeter-
Wave Loop Antenna

5.1 Introduction

In the realm of mmWave applications, the demand for enhanced communication capabilities
has fueled the emergence of reconfigurable antennas as a pivotal solution. These antennas offer
a crucial degree of flexibility and adaptability, specifically tailored to address the challenges
inherent in mmWave frequencies. Given that mmWave frequencies pose unique hurdles in
signal propagation and susceptibility to environmental obstacles, reconfigurable antennas play
a vital role in mitigating these challenges [78, 80]. Their ability to adjust radiation patterns,
polarization, and beamforming characteristics in real-time provides a dynamic response to the
intricacies of mmWave communication environments.

Moreover, beyond their technical advantages, reconfigurable antennas significantly contribute
to the overall efficiency and cost-effectiveness of mmWave systems. By offering adaptability
and versatility, these antennas facilitate streamlined design approaches, diminishing the
reliance on complex and specialized hardware components. This, in turn, promotes the
development of compact and lightweight mmWave devices, aligning with the escalating
demand for miniaturization in contemporary communication systems.

In a parallel development, circularly polarized antennas have garnered substantial interest in
the realm of mmWave communication systems. This interest is rooted in well-established

advantages, such as their resistance to multipath interference and tolerance to misalignment
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between transmitting and receiving antennas [81]. As such, the incorporation of circularly
polarized antennas into mmWave designs represents a strategic choice to enhance the
robustness and reliability of communication systems operating in these high-frequency bands.
The synergy between reconfigurable antennas and circularly polarized antennas presents a
holistic approach to addressing the multifaceted challenges and optimizing performance in the
rapidly evolving landscape of mmWave applications. However, circular polarization can be
achieved in one of in two senses: LHCP or RHCP. As a result, it is important to design an
antenna that supports the two polarization senses to sustain communications in challenging and
demanding environments. Therefore, studies have been published proposing novel mmWave
circularly polarized antennas [82]-[89]. However, these approaches share a limitation of
providing fixed circular polarization senses, i.e. either LHCP or RHCP, thereby restricting their
usage to a single polarization type. In contrast, an array that utilizes LHCP and RHCP has been
proposed [90]. Besides, other designs have been reported that incorporate multiple feeding
ports to generate the desired circular polarization sense, albeit at the cost of added complexity
[91, 92]. In addition, a cost-effective design of a polarization reconfigurable mmWave antenna
that is capable of radiating CP and LP waves provides another needed degree of flexibility to
any communication system.

Prototypes of polarization reconfigurable mmWave antennas have been reported in a number
of studies [89]-[95]. For example, a K-band polarization reconfigurable patch antenna has been
proposed in a layered structure using radio-frequency microelectromechanical system (RF-
MEMS) to switch between two polarization modes, LHCP and LP, over impedance bandwidths
of 11.8% and 3%, respectively, with a peak gain of ~3.9 dBic [89]. Another polarization
reconfigurable patch antenna that is operating at 29 GHz has been proposed with LP, LHCP
and RHCP radiation modes [90]. The findings demonstrated respective impedance bandwidths

of 5.1% and 3.1 % for the CP and LP modes in combination with an AR bandwidth of 1.7%
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and a maximum gain of ~8.5 dBi in the LP mode. However, the configurability relies on
external stimuli (UV laser pulses) to control the phase change of the Germanium Telluride
(GeTe) material, which limits the practicality and poses manufacturing challenges, thereby
detracting from its potential implementation. In a more recent study, 4 PIN diodes have been
utilized in the design of reconfigurable patch antenna with three polarization modes RCHP,
LHCP, and LP operating at 29 GHz with an impedance bandwidth of ~5.4% in all cases [91].
The measured respective gains are 3 dBi and 4dBi in the CP and LP radiations albeit with no
data for the AR bandwidths.

On the other hand, a 2x2 mmWave polarization reconfigurable patch antenna array has been
reported by utilizing two PIN-diode pairs to switch between dual CP modes with respective
impedance and AR bandwidths of 7% and 4% with a radiation efficiency of 51% [92]. Besides,
linear and square arrays with 10 and 2x2 T slot elements with respective impedance bandwidths
of 3.3% and 10%. Besides, two mechanically switchable CP senses have been achieved over
an AR bandwidth of 3% for both arrays [93]. Similarly, a full polarization reconfigurability has
been achieved using an 8x12 Butterfly phased array with 4 ports that switch the polarization
with the correct amplitude and phase for the excitation signal [94]. The AR and impedance are
presented over a frequency range of 27-29 GHz with a simulated total efficiency of 56-60%.
Furthermore, a double-folded, polarization-reconfigurable, dual-antenna array has been
proposed with a CP switching over a bandwidth of 7% through the activation of a single-pole-
double-throw switch when 10 elements are used [95]. In addition, a figure of merit was
introduced and used to compare the performance to those in earlier studies. However, in [89]-
[95], polarization reconfigurability has been achieved by utilizing substantial number of
elements in conjunction with customized feeding networks that naturally increase the cost and
complexity compared to a single antenna configuration.

In the presented study three modes of polarization reconfigurability are achieved using a singly
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fed open-loop antenna that incorporates two PIN diodes only. In addition, the antenna offers
impedance and CP bandwidths of 12.9% and 7%, respectively, in combination with a gain of
~8.5 dBi and estimated total efficiency of 79%. Moreover, the proposed configuration avoids
the need to utilize UV laser pulses, multi-layer PCB structure or large arrays with complex
feeding networks.

It should be noted that the RHCP and LHCP modes have been achieved when a single PIN
diode is forward biased while the other is PIN diode reverse biased. On the other hand, when
both PIN diodes are under zero-bias condition, the LP mode is achieved with dual narrow
impedance bandwidths since the impedance presented by the two unbiased diodes at the input
of the antenna is different from that presented using one forward, and one reverse, biased PIN
diodes. Therefore, the proposed configuration offers a distinct advantage of offering hybrid
reconfigurability by varying polarization and bandwidth without any compromise on the
performance. To the best of the authors’ knowledge, this is the first attempt to design a
mmWave antenna that offers hybrid reconfiguration. It may be worth it to point out that
bandwidth reconfigurability received increased interest in recent years since an antenna with
bandwidth control could partially perform a filtering task as well as the radiation [96]-[98].
The effectiveness of the proposed antenna design is demonstrated through comprehensive
simulation and measurement results. These results showcase promising performance in terms
of impedance and axial ratio bandwidths. The outcome of this study highlights the potential
usefulness of the proposed CP reconfigurable antenna for mmWave applications, as well as

practical implementations in satellite and wireless communications systems.

5.2 Contribution

In light of the challenges mentioned above, we outline the following key contributions of the

presented work of this Chapter:
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1. Design and Fabrication of a Cost-Effective Polarisation Reconfigurable Planar Loop
Antenna: A low-profile, cost-effective circularly polarized single-loop antenna is designed and
fabricated specifically at 6 GHz. The proposed design incorporates two gaps to achieve

polarisation reconfigurability.

2. Employing a coplanar stripline (CPS) structure featuring a photonic bandgap (PBG) to
facilitate biasing of the PIN diodes with no need for lumped RF chokes or capacitors, which
eliminates additional losses introduced by these elements, and hence results in a higher

efficiency.

3. Generation of Different Circular Polarisation Senses: By biasing the PIN diodes
incorporated in the antenna design, LHCP, RHCP, and LP waves can be generated. This
capability enables the antenna to produce various types of polarisations, enhancing its

versatility and adaptability for different communication needs.

4. Extension to mmWave Frequencies: The design and fabrication process of the planar
reconfigurable circular loop antenna is extended to the mmWave frequency range, specifically
at 28 GHz. This extension involves the utilization of a different substrate and a different type

of PIN diode to ensure compatibility with the higher frequency mmWave systems.
5.3 Chapter Organization

This Chapter contents are organised as follows:

Section 5.4 initiates by introducing the configuration and design principles of the CP
reconfigurable loop antenna and the relevant parameters.

This is followed by Sections 5.5 and 5.6 that outline the utilisation of PIN diodes for efficient
antenna switching in RF applications and the isolation of RF current from biasing coplanar
stripline using a photonic Bandgap Structure. Section 5.7 presents the implementation of
different circular polarisation senses by utilising PIN diodes, whereas section 5.8 offers an
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analysis of the current distribution for circular polarisation over a wavelength effect. It should
be noted that a single biasing network has been utilised for the two PIN diodes, which provides
further simplicity in the design.

Moving on to Section 5.9, comprehensive details are provided with respect to the prototypes,
simulations, fabrication processes, and measurements of the proposed CP reconfigurable loop
antenna at 6 GHz. Subsequently, in Section 5.10, we present the prototypes, simulations,
fabrication processes, and measurements of the proposed CP reconfigurable loop antenna at 28
GHz. A performance comparison between the proposed configuration and reported
counterparts is presented in section 5.11. Finally, Section 5.12 provides a summary and

concluding remarks for the chapter.

5.4 Antenna Configuration

and present the configurations of reconfigurable antennas designed to operate
within the frequency range of 6 GHz and 28 GHz. Each of these antennas consists of two
concentric loops that are printed on the upper surface of the dielectric substrate, with an equal-
sized ground plane positioned beneath substrate.
The outer loop incorporates two gaps that house the PIN diodes, functioning as switches
capable of toggling between forward-bias and reverse-bias states to select the desired
polarisation. For the 6 GHz antenna, in CST simulation the forward-bias resistance value is set
at 5Q, while the reverse-bias resistance is 20KQ. Meanwhile, for the 28 GHz antenna, these
resistance values were adjusted to 5.2Q and 15KQ for forward bias and reverse bias,
respectively. In both configurations, an inner loop, featuring a small gap, was employed to
optimize the axial ratio bandwidth.
By adjusting the gaps (A1, Agz2) and controlling the PIN diode states, the proposed antenna
can electronically switch its polarisation sense between right-hand circular polarisation

(RHCP) and left-hand circular polarisation (LHCP) over a wide frequency range.
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The antenna is fed through a coplanar waveguide port (CWP) connected to the outer loop at an
angle of ®=0. The feeding strip line width, denoted by the parameter I, for both the 6 GHz and

28 GHz antennas has been optimised to achieve a 50Q impedance match. Detailed

configuration parameters for both designs are summarized in Table 5.1.

Table 5.1 Dimensions Parameters of the Proposed Antennas

Symbol Quantity 6 GHz 28 GHz
R1 outer loop radius 5.08 mm 1.22mm
R2 parasitic loop radius 3mm 0.95 mm
t1 outer loop width 1.2 mm 0.28 mm
t2 parasitic loop width 1 mm 0.1 mm

Padl pads length 26 mm 8.7 mm
Padw pads width 8.75 mm 3.96 mm
I2 transmission line width 1.8 mm 0.25 mm
ls tratr?semgizggrelt:’ivne: r:&tr;;(;ds 2 mm 0.2 mm
ao antenna thickness 0.035 mm 0.035 mm
h The thickness of the substrate 3.2mm 0.508 mm
t reflector thickness 0.035 mm 0.035 mm
Subx substrate length 110 mm 37 mm
Suby substrate width 110 mm 40 mm
Substrate type FR-4 RO4003C
Permittivity (&) 4.3 3.55
loss tangent 0.025 0.0027
Ap1 outer loop gap 1 25° 200
Ap2 outer loop gap 2 25° 20°
Ag3 parasitic loop gap 50 18°
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Figure 5.1: The proposed loop antenna at 6 GHz with the integrated two PIN diodes and the corresponding
biasing network(a) 2D view. (b) outer and parasitic loops. (c) Ground plane pads. (d) 3D view.
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Figure 5.2: The proposed reconfigurable loop antenna at 28 GHz with the integrated two PIN diodes and the
corresponding biasing network (a) two-dimensional view. (b) outer and parasitic loops. (c) ground plane pads.
(d) Pads for Soldering (e) three-dimensional view.
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5.5 PIN Diode

The PIN diode is a versatile semiconductor device for efficient antenna switching in RF
applications. The acronym is derived from its construction comprising a P-type semiconductor
region, an intrinsic (1) semiconductor region, and an N-type semiconductor region, possesses
distinctive electrical characteristics that render it an excellent choice for various switching
applications. Its primary advantage lies in its capacity to alter its resistance based on the applied
bias voltages, allowing it to seamlessly transition between conducting and non-conducting

states.

When incorporated in antennas, the PIN diode functions as a switch, facilitating the antenna'’s
ability to switch between different signal paths. By applying a suitable DC voltage bias, the
PIN diode enters a low-resistance state, permitting smooth transmission of RF signals through
the diode and toward the antenna. Conversely, reversing the bias voltage causes the PIN diode
to transition into a high-resistance state, effectively blocking RF signals from reaching the

antenna.

In the proposed designs, two distinct types of PIN diodes have been employed to cater for
different frequency requirements. For the 6 GHz antenna, the MA4SPS402 PIN diode has been
utilized. On the other hand, the MA4AGFCP910 PIN diode was utilised at 28 GHz, both of
which are shown in Figure 5.3. It should be noted that the PIN diodes have been modelled in
CST using lumped elements in the equivalent RLC circuits of the forward and revised biased
diodes. The dimensional parameters of these PIN diodes and the corresponding RLC

equivalent circuit parameters are presented in Table 5.2 and Table 5.3, respectively.
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Figure 5.3: The PIN diodes for (a) 6 GHz antenna [99] and (b) 28 GHz configuration [100].
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Table 5.2 Dimensional Parameters of PIN Diodes.

DIM A B C D E F
6 GHz 1.29mm | 0.533mm | 0.203 mm | 0.432 mm | 0.406 mm
28 GHz 0.685mm | 0.368 mm | 0.19 mm 0.13mm | 0.185mm | 0.48 mm

Table 5.3 RLC Equivalent Circuit Parameters for PIN Diodes

6 GHz 28 GHz
PIN Diode type MAA4SPS402 | MA4AGFCP910
Total Capacitance Ct 4.5 pF 0.018 pF
Series Resistance Rs 5Q 52Q
Parallel Resistance R, 20 KQ 15 KQ
Total Inductive Lt 45nH 1nH
Forward Voltage 5V 145V
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5.6 Photonic Bandgap Structure as an RF Choke
illustrates the antenna design that incorporates printed strip bias lines, which
introduce a negative shunt susceptance (inductive) at the design. To supply the DC bias, a

coplanar stripline (CPS) is connected to the antenna element.

The surface current distribution of the antenna with a CPS bias line operating at 6 GHz is
displayed in . A periodic current distribution is observed in the bias line due to the
RF current leakage from the antenna. This current leakage into the bias lines results in
unwanted electromagnetic radiation and causes the bias line to function as part of the antenna.
Consequently, the antenna'’s characteristics, such as resonance frequency, input impedance, and
radiation pattern, are altered.
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Figure 5.4: Surface current distribution of the proposed antenna with CPS bias line only at 6 GHz.
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Figure 5.5: Structure of CPS bias line and PBG.
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To address this issue, a new bias line structure is required, i.e. one that not only carries the
required DC bias current without an RF current flowing into the bias line. To minimize the RF
current flow in the coplanar-stripline, a photonic bandgap (PBG) structure with a periodicity
of Aer/4 is employed illustrates the PBG structure [101], which consists of a
sequence of high and low quarter wavelength transformer sections. The gap width between the
high-impedance section CPS line is X, the PBG cell length and width are Y and U, the gap
width between the thicker low-impedance PBG cells is Z, and the widths of the CPS line are

V. The design parameters for the CPS bias line and PBG are summarized in Table 5.4.

Table 5.4 Dimensions Parameters for the CPS Bias Line and PBG

Symbol 6 GHz 28 GHz
X 2.68 mm 1.6 mm

Y 7.85 mm 3mm

z 0.23 mm 0.1 mm

\ 0.23 mm 0.1 mm
U 1.23 mm 0.75 mm
Wh 6.65 mm 1.48 mm
Wo 7.25mm 2.8 mm
pady 3mm 1.8 mm
pady 1.2 mm 0.49 mm

showecases the reflection coefficient of the RF choke through the utilization of two
waveguide ports positioned at each side of the transmission line, with propagation oriented
normally towards each other. This coefficient illustrates the ratio between the reflected power
and the input power of the RF choke filter. Notably, the stopband of the proposed choke filter
encompasses 28 GHz, where it can be noted that adding the PBG sections effectively cuts off
the RF current from flowing across the CPS line, which means the CPS-PBG line serves the

purpose as a distributed RF choke.

102



Figures 5.7a and 5.7b present the surface current distribution of the antennas with a PBG bias
line at 6 GHz and 28 GHz, respectively. It is evident that the PBG bias line effectively cuts off
the RF current from flowing to the second PBG cell, preventing the undesired leakage.
However, some RF current still flows into the first PBG cell, which could potentially impact
the antenna’s characteristics. To mitigate this effect, the first PBG cell is designed to function
as a reflector element in addition to its role as a current isolation mechanism. In this design,

the first section of the high-impedance line’s near the antenna is operated at a length of less

than a quarter-wavelength.
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Figure 5.6: illustrates the reflection coefficient of the RF choke in the proposed design.
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Figure 5.7: Surface current distribution of the proposed antenna with CPS bias line and PBG structure at (a) 6 GHz and
(b) 28 GHz.
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Figure 5.8: Reflection coefficients for various antenna configurations.
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Figure 5.9 Axial ratio for various antenna configurations.
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5.7 Realizing Different Polarisations by Utilising Two PIN Diodes

In order to achieve a design that optimizes cost-effectiveness and efficiency while eliminating
the need for an additional feeding network to bias the second PIN diode, a modification was
introduced by aligning both diodes in the same direction as shown in . Such
arrangement ensures that a single switch and a single biasing circuit are sufficient to achieve
reconfigurability, which simplifies the design, improves efficiency, and reduces the required

DC power. To achieve different polarisations, three cases have been implemented:

Case A: when the PIN diode 1 is forward biased, it undergoes a state known as the "ON" state.
During this state, the diode's resistance decreases significantly, enabling easy flow of current
across the gap. As a result, the current passes through the outer loop and reaches the reverse
biased PIN diode 2, which is in the "OFF" state. In this state, the diode's resistance increases
considerably, effectively blocking the flow of the current. This behaviour resembles that of an
open switch, preventing current from flowing through the PIN diode 2.

By implementing this modified design, LHCP can be achieved. This occurs when the current
flows clockwise through the outer loop to the PIN diode 2, resulting in the desired polarisation.
Case B: RHCP has been achieved by switching the bias voltage in a manner where PIN diode
2 is forward-biased, while PIN diode 1 is reverse-biased, which changes the current’s direction
into anticlockwise.

Case C: Linear polarisation has been achieved by utilising unbiased PIN diodes, i.e. in a zero-
bias state. Following a commonly used approximation, the equivalent circuits of reverse biased.
It should be noted that the proposed antenna offers another advantage of the frequency

tunability when both PIN diodes are under zero-bias state.
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Figure 5.10: Structure for achieving different polarisation by using two PIN diodes.
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flow of current when a voltage is applied as demonstrated in . As a consequence,
both gaps of the outer loop remain effectively open, leading to the manifestation of linear
polarization.

Overall, this arrangement of diodes simplifies the circuit and eliminates the need for an
additional feeding network, thereby optimizing cost-effectiveness and achieving the desired

circular polarisations. Table 5.5 illustrates the states of the reconfigurable loop antenna,

categorized according to various polarisation states.

Table 5.5 Reconfigurable Loop Antenna States for Different Polarisations States

Case 1t PIN Diode 2"d PIN Diode Current Polarisation
direction
A ON OFF Clockwise LHCP
B OFF ON Anti-clockwise RHCP
C OFF OFF LP

5.8 CP Current Distribution Over One Effective Wavelength

illustrates the current distribution along approximately an effective
wavelength of the loop antenna at 6GHz and 28 GHz. In contrast to linear polarisation, where
the current's amplitude fluctuates to form a standing wave along the length of the loop,
circularly polarized waves exhibit dynamic variations in both magnitude and direction as they
propagate. The current's amplitude fluctuates along the loop, gradually decreasing, and
adopting a spiral or helical path as it rotates around the direction of propagation. This traveling-
wave distribution of the current is responsible for generating the characteristic circular
polarisation pattern and the direction, clockwise or anti-clockwise, determines the polarisation

Sense.
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Figure 5.11: Travelling-wave current distribution along the loop circumference (a) 6 GHz, (b) 28 GHz.
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Figure 5.12: Fabricated prototype of the reconfigurable loop antenna at 6 GHz: (a) antenna under test and (b)
measurement setup for verifying radiation pattern (c) top view.
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5.9 Fabrication and Measurements at 6 GHz
In the measurement process, depicted in Figure 5.11, photographs demonstrate the 6 GHz
reconfigurable loop antenna within the testing environment. The antenna has been fed through
an SMA connector, and the S parameters have been gauged utilizing an E5071C vector network
analyser connected via a 50 Q coaxial cable. Precise calibration has been executed employing
Agilent’s 85052D calibration kit. To assess radiation patterns and gain, an NSI near-field
system has been employed.
In , both the simulated and measured return losses of the proposed antenna are
presented. The simulation reveals that when the antenna is configured to operate in the LHCP
state, it achieves a 18.2% impedance bandwidth, while in the RHCP state, it attains a 14.7%
bandwidth. On the other hand, the measured results show slightly different values, with the
LHCP state achieving a 17.6% impedance bandwidth and the RHCP state obtaining a 14%
bandwidth. Moreover, the results indicate that the LHCP and RHCP states exhibit nearly
symmetrical performance, which is a desirable characteristic for certain applications.

presents the simulated and measured axial ratios for both Case A and Case B,
indicating the disparity in signal strength between the LHCP and RHCP states of the antenna.
For Case A, the simulated 3 dB AR bandwidth is circa 22.8% within the frequency range of 5
to 6.3 GHz. This demonstrates the antenna's capability to maintain its circular polarisation
characteristics effectively. On the other hand, the measured 3 dB AR bandwidth for Case A is
slightly less, covering the frequency range from 5.1 to 6.2 GHz, with a bandwidth of 19.3%.
For Case B, the simulated 3 dB AR bandwidth is ~ 25%, covering the frequency range of 4.9
to 6.35 GHz. Meanwhile, the measured AR is approximately 23.7%, spanning from 5 to 6.3

GHz.
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Figure 5.13: Simulated and measured reflection coefficients of the reconfigurable loop antenna.
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Figure 5.14: Axial Ratio for both circular polarisation senses in the maximum radiation direction.
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In , the simulated and measured realized gains of the proposed antenna are
presented. The comparison demonstrates that the measured realised gain closely aligns with
the simulated results. In both Case A and Case B, the simulated realized gain is approximately
4.8 dBic.

The simulated total efficiency is depicted in for both circular polarisation senses.
The total efficiency remains relatively constant at approximately 55%. The lower efficiency is
attributed to the use of a lossy FR-4 substrate, which is expected to be enhanced in the mmWave
design through the utilization of alternative substrates with lower losses. Finally,
demonstrates the simulated and measured normalized radiation patterns at 6 GHz in the E-
plane (xz plane) and H-plane (yz plane). The investigation reveals excellent agreement between
the simulation and measurement results.

Notably, the broadside mode exhibits the highest gain in the 6 = 0° direction in both cases, with
RHCP radiation in Case A and LHCP radiation in Case B. However, it is evident that there is
a degradation in the LHCP radiation pattern in Case A and the RHCP radiation pattern in Case
B. These findings emphasize the importance of considering polarisation effects in the antenna
design, as the circularly polarized radiation patterns exhibit slightly different characteristics in

the two cases.
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Figure 0-1 Simulated total efficiency for circular polarisation cases at 6 GHz.
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Figure 5.18: showcases the fabricated prototype of the reconfigurable loop antenna at 28 GHz. Panels (a) Far field
measurements and (b) provides a top view, while panel (c) Provides a prototype of the reconfigurable loop
antenna. Panels (d) Power supply calibration, and panel (e) Antenna alignment.
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5.10 Fabrication and Measurements at 28 GHz
A prototype of the antenna has been manufactured by Wrekin [102] as demonstrated in

, where a 2.4 mm SMA connector has been utilized. The overall antenna size is
40mmx37mm. The vias were created by tiny holes in a printed circuit board (PCB) that are
used to establish electrical connections between different layers of the board, and then these
holes are plated with gold. The measurements’ set-up is illustrated in for the
mmWave reconfigurable loop antenna within the testing environment. The NSI-MI
Technologies system was utilized for the far-field measurements, while the N5245B vector
network analyzer (VNA) was used to quantify the return losses [103]. An 85052D kit has been
utilized for the measurements of the reflection coefficient. The antenna was positioned at 54.9
cm from the reference horn antenna to measure its radiation pattern. Prior to this measurement,
the power supply was calibrated and linked to the antenna through wires to apply bias to the
PIN diodes.

illustrates a compelling comparison between simulated and measured results

for reflection coefficients. This analysis delves deeply into the three distinct cases of the
proposed antenna with RHCP, LHCP, and LP modes. As shown in , the simulation
draws out intriguing details. Upon configuring the antenna in Case A, it achieves a 13.3%
impedance bandwidth compared to 13.7% in Case B centred at 28 GHz.
What adds credence to these findings is the alignment between measured and simulated —10
dB impedance bandwidths. In case A, the measurements mirror the simulation closely,
showecasing a 12.7% impedance bandwidth, and in parallel, case B achieved 11.2% bandwidth
- a strong testament to the reliability and consistency of the antenna's performance across these
divergent scenarios. presents the reflection coefficient when the two PIN diodes

are under zero-bias, where it can be noted that matching is achieved over dual narrow bands
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centered at 26.8 GHz and 29 GHz with considerably narrower bandwidths compared to that in
the CP states. Namely, bandwidths of 3.4% and 2.1% have been achieved in the simulation
compared to 2.3% and 1.9% in the measurements. These results indicate that in addition to the
reconfigurable polarisation, reconfigurable frequency capabilities have also been achieved
when utilizing linear polarisation. Therefore, the proposed antenna offers hybrid, or compound,
reconfiguration since the frequency and polarisation can be tuned using only two PIN diodes
with a single biasing network.

The measure and simulated axial ratios are demonstrated in for both cases of LHCP
and RHCP. In the scenario of Case A, the simulated 3 dB AR bandwidth covers approximately
8.1% within the frequency range of 26.75 to 29 GHz, effectively achieving RHCP radiation.
The measured 3 dB AR bandwidth in Case A ranging from 26.85 to 28.9 GHz, with a
bandwidth of circa 7.42% which is in close agreement with simulations.

On the other hand, Case B offers simulated 3 dB AR bandwidth of roughly 7.64%, spanning
the frequency band from 26.89 to 29 GHz, while achieving LHCP radiation. Concurrently, the
corresponding measurement outcome registers around 5.4%, enveloping frequencies from

26.85 to 28.35 GHz.
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Figure 5.19: The simulated and measured return losses of the mmWave reconfigurable loop antenna.
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The normalized simulated and measured radiation patterns for RHCP and LHCP at 28 GHz in
the E-plane (xz plane) and H-plane (yz plane) are shown in . The measured radiation
patterns mostly follow the simulated counterparts with slight differences due to the
measurement errors at the mmWave frequency range. By controlling two cases of the PIN
diodes, different main polarisation directions can be switched. Remarkably, in both cases, the
maximum radiation pattern is emitted in the broadside direction (at 8 = 0°), resulting in RHCP
wave in Case A and in LHCP wave in Case B. Nevertheless, a significant deterioration in Case
A when LHCP is radiated, and a similar decline in the RHCP radiation pattern in Case B.

presents the simulated and measured normalized radiation patterns of the antenna
within Case C at 27 GHz in E-plane (xz plane) and H-plane (yz plane). This configuration
enables the radiation of LP at a different operating frequency.

illustrates the total efficiency and the gain for both circular polarisation and linear
polarisation modes. The simulated total efficiency remains consistent at circa 79% across the
desired bandwidth, which demonstrates excellent performance for a reconfigurable antenna
operating in the mmWave frequency range [101]. However, when considering Case C, it's
worth noting that the total efficiency at 27 GHz exhibits a slight reduction, approximately a
73% decrease in comparison to other cases. This could be attributed to the higher resistances
offered by the two unbiased PIN diodes. In addition, the comparison reveals a close
correspondence between the measured and simulated realized gains. In both Case A and Case
B, the measured and simulated realized gain is circa 7.5 dBic at 28 GHz. In contrast, Case C
exhibits a realized gain of approximately 7.6 dBic at 27 GHz.
The improvement in efficiency can be attributed to several factors such as the absence of
lumped inductors and capacitors in the biasing network. This is in addition to utilizing a single
biasing network for the two diodes instead of the common approach of utilizing a separate

biasing network for each diode. This is in addition to employing a lossy Rogers substrate.
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However, the PIN diode is associated with losses that have been accounted for in the achieved
efficiency of 79% in cases A and B and 72% in case C. The performance comparison in Table
5.6 demonstrates that the proposed mmWave reconfigurable antenna outperforms published
counterparts in terms of CP bandwidth, gain and efficiency. It should be noted that the proposed
antenna offers another advantage of the frequency tunability when both PIN diodes are under
zero-bias states. This has not been demonstrated in Table 5.6 since the comparison is focused

on the CP performance of the antenna.
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Figure 5.20: Axial Ratio of the mmWave reconfigurable loop antenna for both operational cases.
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Table 5.6 Performance Comparison Between the Proposed Configuration and Reported Counterparts

Ref. Working Antenna Elements Switching Frequency  Gain S11 BW AR Nt% Size mm2
States Number  Method GHz dBci % BW
%
[89] LHCP, Patch 1 RF-MEMS 21 3.9 11.8 3 23 12x10
LP
[90] LHCP, Patch 1 Laser 30 6.2 5131 1.7 75 12.5x12.5
RHCP, LP pulses
[91] LHCP, Patch 1 4 PIN 29 34 5.4 Fkx faaied 10.2x14.1
RHCP, LP Jiodes
[92] LHCP, Patch 4 4 PIN 28 6 7 35 51 31x34
RHCP diodes
[93] LHCP, T-Slot 10x1 Mechanical 29.5 16 33 3 80 97.3x18.1
RHCP 2x2 30.5 13 10 3 80 26%26
[94] LHCP, Butterfly 8x12 A z@* 28 22 7 7 60 125%50
RHCP, LP
[95] LHCP, Patch 10 SPDT** 13.9 17.7 8 75 22.5%61.75
RHCP
This LHCP, Loop 1 2 PIN 27/28 75 12.9 8 79 37x40
work RHCP, LP diodes

* Switching achieved by adjusting the magnitude and phase of the feeding single to each one of the 4 ports
** Single-Pole-Double Throw Switch

*** Data not provided in the reference

5.11. Performance Comparison

Table 5.6 presents a comparison between the performance of the proposed antenna compared
to polarization reconfigurable antenna prototypes that are reported in the literature. From the
Table, it is evident that the presented antenna outperforms the single antenna prototypes
reported in [89]-[91] in terms of the reported impedance and AR bandwidths, gain, and
radiation efficiencies. In addition, the proposed antenna offers three polarization modes
compared to two in [95], employs a simple switching mechanism compared to that utilized in
[90], and needs only two PIN diodes compared to four in [91]. On the other hand, the studies
in [92]-[94] are focused on polarization reconfigurable mmWave arrays, which naturally
require a more complex design in terms of feed network and switching mechanisms for many
antennas.

However, the presented single-loop antenna offers wider impedance and CP

bandwidths than those reported in [92]-[94] and a slightly narrower impedance bandwidth
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compared to [93]. In terms of the polarization modes, the arrays reported in [92]-, [93] offer
two polarization states compared to three in the present study. Although full polarization
reconfigurability has been achieved in [94], four excitation ports were used, which increases
the cost and complexity compared to the case of a singly fed antenna. The radiation efficiency
of the presented design is higher than those achieved in [92], [94], [95] and close to that
reported in [89]. On the other hand, higher gains have been reported in [92]-[95] due to the
considerable number of utilized elements. The overall footprint is larger than that of the
radiating element owing to the required length of the CPS-PBG section, which brings benefits
to the proposed configuration. According to the figure of merit reported (FOM) in [95], which
considers the achieved CP bandwidth, gain, polarization states, and number of antennas. The
proposed antenna in this article offers a FOM of 50 compared to 9.75/5.1, 1.44, and 10 in [91],
[92], and [93], respectively, which confirms the potential and cost-effectiveness of the
proposed antenna. It should be noted that the proposed configuration offers another distinct
advantage of hybrid configurations since the bandwidth is also reconfigured from a wider

single band in the CP modes to dual-narrower bands in the case of LP radiation.
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5.12 Summary

In this Chapter, a novel approach was introduced to design a mmWave antenna with hybrid
reconfigurability by employing planar feeding and biasing networks. The proposed design
focuses on achieving control over polarisation, enabling seamless transitions between LHCP
and RHCP senses along with enabling reconfigurable frequency in the case of LP radiation.
A low-cost 6 GHz loop was designed and measured to prove the proposed concept. This was
followed by measuring an antenna's prototype operating at 28 GHz with a close agreement
between measurements and simulations.

The core of the presented planar structure features a biasing network that consists of a coplanar
strip line integrated with a photonic bandgap circuit. This eliminates the need for traditional
lumped elements, leading to enhanced radiation efficiency. Furthermore, the antenna's design
has been optimised by aligning the PIN diodes strategically, allowing for the utilization of a
single CPS biasing circuit for the two PIN diodes. This contrasts with the conventional
approach in the literature, which often necessitates two separate circuits for biasing two PIN
diodes. This optimization simplifies the antenna design while improving its overall efficiency,
resulting in an effective and streamlined configuration for a hybrid reconfigurable mmWave
loop antenna. The proposed antenna outperforms those reported mmWave reconfigurable
antennas in terms of CP bandwidth, gain and efficiency as well as the capability of frequency

reconfigurability in the case of linear polarisation.
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Chapter 6

Multifunctional Reconfigurable mmWave
Array Antenna

6.1 Introduction

In light of the relentless pace at which technology advances within the realm of wireless
communication systems, antennas, which stand as a fundamental component in contemporary
wireless communications, confront ever-mounting demands to achieve heightened
performance levels. This is imperative for effectively addressing intricate communication
scenarios that encompass challenges like multipath interference and polarisation mismatch.
Consequently, the development of multifunctional and intelligent array antennas assumes
paramount importance. Amid the various approaches employed to confront this challenge,
reconfigurable antennas have emerged as a compelling solution due to their intrinsic flexibility

and versatility.

The majority of reported studies on reconfigurable antennas have primarily focused on the
modification of a single antenna’s parameter. Despite the evident advantages of such antennas,
they may prove inadequate in meeting the escalating requirements of high-speed
communication systems, such as those used on the Internet of Things and 5G/6G applications.
Consequently, there has been an increased emphasis on proposing antennas with the capacity
to reconfigure more than one parameter over the past two decades. These antennas can be

broadly categorized into two types: hybrid and multifunctional reconfigurable antennas.
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The former has been demonstrated in the last Chapter where the bandwidth and polarisation of
a mmWave antenna have been configured for the first time. However, a wide band has been
achieved for the CP radiation, and a narrower dual-band operation has been achieved for the
LP case. Therefore, it cannot be classified as a multifunctional reconfigurable antenna, which
is also expected to offer the options of wide-band LP or dual-band CP cases or other operation
modes that are difficult to achieve using a single antenna. Meanwhile, the ability to furnish
additional radiation modes offers considerable benefits such as increased channel capacity
through the polarisation reconfigurability as well as the beam steering, for example. On the
other hand, a reconfigurable beam direction of a phased array represents an economical and
practical alternative to the high-cost phase shifters and RF chains that are commonly used for
beam steering. An antenna array that offers simultaneous polarisation and pattern

reconfigurability is known as a multifunctional reconfigurable antenna array (MRAA).

One of the earliest demonstrations of the potential of multifunctional reconfigurable antenna
has been reported in [104], where a configuration of Radio Frequency Microelectromechanical
Systems (MEMS) integrated antennas has been utilized in a MIMO system with several
polarization states that have been achieved at 4.1 GHz and 6.4 GHz. The multifunctional
reconfigurability has been achieved using 64 square patches that are inter-connected to each
other using 112 MEMS switches. Subsequently, a different study introduced a pattern and
frequency reconfigurable annular-ring slot antenna, employing two small PIN diodes on the
feeding microstrip line to connect/disconnect stubs for frequency tuning, and incorporating two
larger PIN diodes on the annular ring slot to control radiation patterns at 5.2 GHz, 5.8 GHz,

and 6.4 GHz [105].

A textile circular patch antenna that is loaded by three varactors to offer frequency and
pattern reconfigurability and a wearable textile antenna with frequency and polarisation
reconfigurability have been reported [106]. The first antenna switches between broadside and
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omnidirectional radiation modes over specific frequency ranges, while the second antenna
switches the linear polarisation between 0°, 120°, or 240° over a frequency range of 1.9-2.62
GHz. Additionally, a frequency and pattern reconfigurable microstrip antenna has been
designed using 6 varactor diodes to achieve a dual-band operation with a broadside pattern at
2.68 GHz and an omnidirectional pattern at 3.5 GHz [107]. In another study, a multifunctional
microstrip antenna that offers three linear polarisations, and three main beam directions was

demonstrated by utilizing 10 PIN diodes at 11 GHz [108].

Furthermore, a novel multifunctional reconfigurable antenna (MRA) was proposed using a
parasitic substrate layer with 5x5 square metallic patches, known as pixels, incorporating 20
MEMS switches for the connection/disconnection of various pixels to achieve reconfigurability
of frequency between 9 and 10 GHz with three radiation patterns [109]. However, it was
highlighted that the pixeled planar surface requires many switches, which impacts the antenna
efficiency and results in a complex fabrication process. A multifunctional reconfigurable
pixeled planar antenna was reported by utilizing 144 MEMS switches in a square matrix of 9x9
pixels and tuning the operating frequency within a range of 4-7 GHz with reconfigurable
radiation patterns and adjustable linear polarisations at each frequency [110]. Moreover, a
frequency and pattern reconfigurable pixeled monopole antenna were reported by utilizing 12
MEMS switches to alter the antenna geometry and achieve operating frequencies of 1.5 GHz,
3.5 GHz, 4.5 GHz, and 5.5 GHz with up to five radiation patterns at each frequency [111]. In
a subsequent study, a frequency, pattern, and polarisation reconfigurable antenna were reported
by utilizing a single patch antenna in conjunction with a 6x6 parasitic pixel substrate that
involved 60 PIN diodes in generating various combinations of pixels albeit with a radiation
efficiency of 45% to 55% [112]. Another MRA has been reported using a 4 elements linear
patch array, each loaded by a passive substrate of 4x4 pixels [113]. However, for simplicity,

perfect short circuits and open circuits were utilised instead of RF switches providing pattern
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and polarisation reconfigurability in combination with a 13.5 dBi gain. Furthermore, a 3x3
pixels layer with 12 PIN diodes utilised to achieve 9 radiation pattern modes over a frequency
range of 2.4-2.5 GHz [114]. Moreover, MRA, which offers six modes of operation has been reported
using 60 PIN diodes to achieve a dual-band operation at 2.45 GHz and 5.3 GHz with the option of three

radiation patterns in each band [115]. However, the radiation pattern was the only parameter that
has been configured in [114] and [115]; therefore, the definition of a multifunctional
reconfigurable antenna may not be applicable in these particular cases. On the other hand, it is
essential to note that pixel-based antennas involve complex biasing requirements for many

switches that are placed above the antenna.

A different approach in designing MRAs has been employed that is based on utilising a liquid
metal [116]-[119]. For example, a MRA that offers pattern and linear polarisation
reconfigurability has been proposed using a dipole antenna over a frequency range of 1-2.2
GHz [116]. Furthermore, a bent monopole that is based on liquid metal has been proposed for
frequency and polarisation reconfigurability, where both LHCP and RHCP radiations have
been achieved over a frequency band of 3-5 GHz [117]. Another liquid-metal-based antenna
has been reported with both frequency and polarization over a frequency range of 0.5-3.5 GHz
[118]. Besides, frequency and polarisation reconfigurability have been achieved using a liquid-
metal parasitic over a frequency range of 2-8 GHz by switching a 3D-printed channel between
the x and y polarisation states [119]. Although a liquid-metal-based MRA offers continuous
frequency tunability, a longer switching time is expected between various modes. Besides, the
required mechanism to inject the liquid metal may be impractical at mmWave frequencies

considering the smaller physical dimensions at such frequencies.

Another approach that is based on using multiple ports has been proposed by varying the
current distribution along a patch antenna by adjusting the phases of four feeding ports to

achieve pattern and polarisation reconfigurability over a frequency range of 4-5 GHz [120].
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LHCP and RHCP radiations have been achieved over a main beam scanning range of +70°.
Both single-element and 4x4 element arrays have been considered. However, the utilisation of
multiple ports results in an increased size and complexity, with numerous wire connections.
This represents a considerable challenge to adapt at mmWave frequencies, owing to the limited
physical space to accommodate several SMAs with sufficient de-coupling between them.
Furthermore, multifunction digitally controlled reconfigurable antennas have been reported in

combinations of multi-port feeding, and PIN diodes have been reported recently [121, 122].

This state of art review of existing literature reveals a notable absence of multifunctional
reconfigurable antennas designed for mmWave applications since all the reported MFRA and
MFRAA, are focused on antennas operating at lower frequencies with modest radiation
efficiencies and complex structures that may be impractical at mmWave frequencies.
Therefore, this Chapter is focused on the design, fabrication, and measurements of such an
antenna. Building upon the mmWave phased array and reconfigurable antenna designs
introduced in Chapters 4 and 5. The novelties of those designs will be combined and enhanced
to achieve a multifunctional reconfigurable mmWave array, which has not been reported
earlier. The multifunctional reconfigurability can be achieved by utilising a reconfigurable
element as well a reconfigurable feed network. The reconfigurable antenna introduced in
Chapter 5 will be used as an element from which a multifunctional reconfigurable array will
be designed that offers polarisation, pattern, and frequency reconfigurability by utilising PIN

diode switches in a simple structure that also offers a high efficiency.

6.2 Contribution

In addressing the aforementioned challenges, this chapter presents significant contributions in
the following key areas:

1. Design and Fabrication of a Cost-Effective Multifunctional Reconfigurable Array Antenna:
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A low-profile, cost-effective 4-element reconfigurable phased array system is designed and
fabricated, specifically operating at 27.5 GHz. Within each array element, two strategically
designed gaps accommodate PIN diodes, serving as flexible switches. These diodes enable the
selection of the desired polarisation by toggling between forward-bias and reverse-bias states,
enhancing the adaptability of the antenna system.

2. Implementation of Corporate Feed Network and Phase Shifters:

The one-input-four-output feeding network incorporates four transmission line phase shifters,
with each section introducing a distinct phase shift. The degree of phase shift is contingent
upon the bias applied to the PIN diodes and the length of the corresponding transmission line
segment. This innovative approach enhances beam control and array performance.

3. Utilization of Coplanar Stripline Structure with Photonic Bandgap Elements:

Only two planar CPS-PBG structures have been utilized; one to switch the polarisation of the
4 elements and another to control the main beam direction. The incorporation of only two
represents considerable simplicity and eliminates further efficiency deterioration owing to the
absence of lumped RF chokes or capacitors, reducing additional losses associated with these
elements. Consequently, the proposed antenna system achieves higher efficiency, providing a
more robust and effective solution.

These contributions collectively address challenges in the mmWave antenna design,
reconfigurability, and efficiency, offering a comprehensive and innovative framework for the

development of advanced phased array systems for 5G and B5G communication systems.
6.3 Chapter Organisation

The organisation of this Chapter unfolds as follows:

Section 6.4 initiates by introducing the configuration and design principles of the mmWave
MRAA along with the relevant parameters. Following this, Section 6.5 outlines the utilization

of electrical switching at mmWave frequencies. Section 6.6 details the operating mechanism,

133



illustrating the integration of PIN diodes within the proposed array. Proceeding to Section 6.7,
comprehensive details are provided concerning the prototypes, simulations, fabrication
processes, and measurements of the proposed reconfigurable array antenna at 27.5 GHz. In
Section 6.8, a performance comparison between the proposed configuration and reported
counterparts is presented. Finally, Section 6.9 delivers a summary and concluding remarks for

the chapter.

Vias

Antenna

Roger substrate

Ground plane

Vias
FR-4 substrate

CPS stripline Ground plane

Figure 6.1: The layers of the proposed reconfigurable array.

6.4 Structure of the Multifunction Reconfigurable Array Antenna

6.4.1 Constituent Layers of the Proposed Reconfigurable Array

In this configuration, a total of five layers are utilized, which include the active antenna
element, as depicted in Figure 6.1. The second layer comprises Rogers RT/Duroid RO4003C

substrate material, featuring a dielectric constant (er) of 3.55 and a loss tangent (tand) of 0.0027,
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with a thickness of 0.508 mm. The choice of Rogers substrate within this design is driven by
several distinct advantages, namely, its low dielectric constants, low loss tangents, high
efficiency, and ease of manufacturability.

Another substrate employed in this design is the FR-4 material, characterized by respective
dielectric constant and thickness of 4.3 and 0.5 mm. This layer primarily functions as an
insulator, facilitating the interface between the ground plane layer and CPS-PBG biasing
networks. These substrate layers encapsulate a central copper ground plane, serving as a
reflective ground plane with a thickness of 0.07 mm. Each substrate possesses dimensions of
37 mm in width and 40 mm in length. Additionally, there is a lower auxiliary ground plane,
measuring 40 mm in width and 8.5 mm in length, constructed from copper. This supplementary
ground plane assumes a critical role in grounding, particularly when securing the connector in

place.

6.4.2 Configuration of Proposed Multifunction CP Antenna Array

depicts the configuration of a 1x4 reconfigurable linear antenna array designed to
operate at 27.5 GHz, featuring an inter-element spacing of 4.65 mm, approximately equivalent
to half the free space wavelength at the operating frequency. Each constituent element within
the array exhibits an identical design, characterized by the presence of two concentric loops,
with the outer loop serving as the active element. The outer loop for each array element
incorporates two gaps that house the PIN diodes, functioning as switches capable of toggling
between forward-bias and reverse-bias states to select the desired polarisation senses. The
optimization of the outer loop's gaps (4®,, A®,) plays a pivotal role in establishing a traveling
wave current distribution along the loop. This distribution is indispensable for the generation
of diverse circular polarization states. In addition, a reduced gap (4%5) within the inner loop

has been selected to enhance the CP bandwidth of circular polarization.
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Figure 6.2: The geometry of the proposed wideband CP antenna array.
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Figure 6.3: Corporate feed network (b) phase shifters of the proposed antenna (c) gap capacitor (d) chamfered
corners.
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Furthermore, the selection of the loop antenna's radius is critical to ensuring that the
circumference approximates one effective wavelength, denoted as A.sf. The inter-element
spacing of the antenna array is judiciously chosen to maximize gain and minimize side lobe
levels (SLL). The feeding of the antenna arrays is facilitated by a parallel feed network
employing microstrip transmission lines with widths of 0.2 mm and 0.25 mm. The

configuration parameters for the reconfigurable array are summarized in Table 6.1.

Table 6.1 Dimensions Parameters of the Proposed Design

Symbol Quantity 27.5 GHz
R1 outer loop radius 1.27mm
R2 parasitic loop radius 0.875 mm
t1 outer loop width 0.26 mm
t2 parasitic loop width 0.21 mm

Padl pads length 8.9 mm
Padw pads width 3.96 mm
I2 transmission line width 0.25 mm
S amontine &pads | 02
ao antenna thickness 0.035 mm
h The thickness of the substrate 0.508 mm
t reflector thickness 0.07 mm
Subx substrate length 37 mm
Suby substrate width 40 mm
Substrate type RO4003C
Permittivity (&) 3.55
loss tangent 0.0027
Ap1 outer loop gap 1 200
A@2 outer loop gap 2 20°
Ap3 parasitic loop gap 18°
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6.4.3 Corporate Feed Network Connected to Phase Shifters of the Proposed
Array

introduces a one-input-four-output feeding network, which features the integration
of four transmission line phase shifters. Within this network, each section is responsible for
introducing a distinct phase shift as depicted in . This phase shift is contingent upon
the specific bias applied to the PIN diode and the length of the corresponding transmission line
segment. This method harnesses transmission lines to achieve the requisite phase shift, thereby
constituting what is recognized as a "true-time delay". This approach is particularly
advantageous in the context of phased arrays with parallel feeding, as it enhances the system's
bandwidth. True-time delay is especially well-suited for broad-spectrum applications, as it
maintains the stability of the primary beam direction across a spectrum of frequencies.
In essence, the concept of true-time delay encompasses the integration of delay sections along
the transmission lines within the feed network. These delay sections align with the precise
phase shifts needed. By adjusting the time delay for each individual element, it becomes
possible to manage the aggregate phase shift across the array, enabling precise control of beam
steering. To enhance matching and elevate the array's performance, a design enhancement is
introduced, featuring the implementation of 45° chamfered corners on the transmission lines,
as depicted in . Additionally, highlights the presence of a gap capacitor,
devised through microstrip line patterning, yielding a modest capacitance of approximately 0.1
pF. This component serves the crucial function of stopping the direct current (DC) flowing to
the network analyser. The integration of vias into the design yields several benefits,
encompassing improved grounding, mitigation of surface waves, and the expansion of
bandwidth, thereby enhancing overall each possessing a radius of 1 mm and situated at 4 mm

intervals, center to center.
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Figure 6.4: Surface current distribution of the proposed array with CPS bias line only at 27.5 GHz.

Pady

Figure 6.5: (a) Structure of CPS bias line and PBG (b) CPS connected to outer loops (c) CPS connected to phase
shifters (d) solder pad.
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6.4.4 Innovative RF Choke Design Using Coplanar Stripline and Photonic

Bandgap Structure

In , the integration of printed strip bias lines is presented, which introduces a negative
shunt susceptance (inductive) as part of the design. For the provisioning of DC bias, a coplanar
stripline is connected to the antenna element via vias that establish a connection between the
CPS and an array. The current distribution along the bias line leads to undesirable RF current
leakage into the antenna, turning the bias line into an unintended component of the antenna
system. Consequently, the antenna's key characteristics, including resonance frequency, input
impedance, and radiation pattern, are affected.

To mitigate this issue, the development of a novel bias line structure is imperative one that
effectively carries the requisite DC bias current while preventing the unwanted flow of RF
current. To curtail RF current propagation within the coplanar stripline, a PBG structure
featuring a 0.25)err periodicity is deployed. illustrates this PBG structure, which
comprises a series of high and low quarter-wavelength transformer sections. It should be noted
that the existence of antennas, feeding, and biasing networks on the same substrate surface
represents a challenging task and complications that can avoided by moving the biasing
network to another substrate, FR4 in this case, which is positioned at the other side of the shared
ground plane surface. However, the connections of the biasing networks to the diodes have
been implemented by utilising metallised vias. Such an arrangement provides an optimum
isolation between the biasing network and the antenna. In addition, the chosen alignment of

the diodes facilitated the utilization of only two biasing networks for the 16 PIN diodes.
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Figure 6.6: Surface current distribution of the proposed antenna with CPS bias line and PBG structure at 27.5
GHz

In the proposed design, a total of fourteen vias have been thoughtfully incorporated to establish
connections between the CPS and the PIN diodes placed on the array configuration. This
strategy stems from the unique approach employed in positioning the PIN diodes within the
outer loop gaps. As a result, eight vias which means 2 vias per loop are dedicated to the precise
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control of polarisation senses. In addition, the placement strategy of the PIN diodes on the
phase shifters minimizes the vias count as well, with only six vias serving the purpose of beam
steering within a range of £25 °. Hence, the utilization of only two CPS networks in the
proposed design results in cost savings, lower losses, and a simplified design structure. Improve
matching has been accomplished by adding strip lines between the antenna and the CPS-BPG
structure, as illustrated in and c.

The gap width between the high-impedance section CPS line is defined as X, the PBG cell
length is V, the gap width between the thicker low-impedance PBG cells is Y, and the widths
of the CPS line are Z. Due to the relatively small size of the CPS line, especially in the mm-
wave frequencies designs, two solder pads have been employed as shown in Figure 6.5d. The
design parameters for the CPS bias line and PBG are summarized in Table 6.2. Figure 6.6
presents the surface current distribution of the antenna with a PBG bias line at 27 GHz. It is
evident that the PBG bias line effectively cuts off the RF current from flowing to the second

PBG cell, preventing the undesired current leakage.

Table 6.2 Dimensions Parameters for the CPS Bias Line and PBG

Symbol 28 GHz

\ 2.29 mm

X 0.76 mm

Y 0.1 mm

z 0.1 mm
pady 1.8 mm
pady 1 mm

6.5 Electrical Switching at mmWave Frequencies

Table 6.3 presents a concise performance comparison of prevalent electrical switching
mechanisms employed in the mmWave frequency range. These mechanisms encompass PIN

diodes, RF MEMS, and Radio Frequency Field-Effect Transistors (RF FETSs) [123]. Among
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these alternatives, PIN diodes offer notable advantages relative to other switching methods,
which include cost-effectiveness, reduced switching times, and a higher supply voltage
threshold. Consequently, PIN diodes emerge as the predominant choice for electrical switching
in the mmWave frequency range. A PIN diode, an exemplar of this technology, is characterized
by an intrinsic semiconductor region ("I") positioned between a p-type ("P") and an n-type ("N")
semiconductor region. In RF circuitry, a PIN diode serves as a variable resistor.

illustrates the equivalent circuit of a PIN diode when it functions in both the ON and OFF
states. The MA4AGFCP910 PIN diode is used within the proposed array operating at 27.5
GHz. Itis worth noting that these PIN diodes have been meticulously modeled in CST, utilizing
lumped elements in the equivalent RLC circuits of the forward-biased and reverse-biased
diodes. The dimensional characteristics of these PIN diodes, along with the corresponding RLC

equivalent circuit parameters, are comprehensively detailed in Table 6.4.

Table 6.3 Comparative Analysis of Electrical Switching Mechanisms in the Millimeter-Wave Frequency Range

[123]
Parameter PIN-diode RF MEMS FET
Voltage (V) +1-5 20-80 3-5
Current (mA) 3-20 0 0
Power consumption (mW) 5-100 0.05-0.1 0.05-0.1
Switching time 1-100 ns 1-300 ps 1-100 ns
Isolation Medium High Low
Loss 0.3-1.2 0.05-0.2 0.4-2.5
Power handling (W) <10 <1 <10
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Figure 6.7: The PIN diode configuration for 28 GHz antenna [ 100].

Table 6.4 RLC equivalent Circuit Parameters for PIN Diodes and its Dimensions

PIN Diode Total Series Parallel Total Forward Voltage
Capacitance | Resistance Resistance Inductive
Ct Rs RL Lt
MA4AGFCP910 0.018 pF 520 15 KQ 1nH 145V
Dimensions
Frequency A B C D E F
28 GHz 0.685 mm 0.368 mm 0.19 mm 0.13mm | 0.185mm | 0.48 mm

Table 6.5 Switch Configuration for Desired Modes of Operation (1=ON,0=0FF), and © is the Mian Beam
Direction.

Cases | Modes (& D1 | D2 | D3 | Ds | Ds | Ds D~ Ds Dg | Dio | Dia | Di2 | Dis | Disa | Dis | Dis
1 LHCP | -25 | 1 0 1 0 1 0 1 0 0 1 0 1 1 0 1 0
2 LHCP | +25 | 1 0 1 0 1 0 1 0 1 0 1 0 0 1 0 1
3 RHCP | -25 | O 1 0 1 0 1 0 1 0 1 0 1 1 0 1 0
4 RHCP | +25 | O 1 0 1 0 1 0 1 1 0 1 0 0 1 0 1
5 LP -25 |0 0 0 0 0 0 0 0 0 1 0 1 1 0 1 0
6 LP +25 | 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 1
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Figure 6.8: demonstrates the incorporation of PIN diodes into the proposed array.

6.6 Operating Mechanism

illustrates the integration of PIN diodes within the proposed array, where each of
the sixteen PIN diode switches is numbered to designate their respective statuses across various
operational modes. Comprehensive details regarding the switch configurations and their
corresponding operational modes are presented in Table 6.5.
When a direct current (DC) is applied to the CPS lines, strategically positioned vias facilitate
the current's path reaching the PIN diodes, enabling the application of forward and reverse bias
as required. Six distinct polarisation cases, each associated with a different beam steering

direction, are attainable based on the status of the PIN diodes. Notably, the case of the PIN
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diodes, specifically from D to Ds, positioned on each outer loop of the array, is meticulously
controlled to effect changes in polarization. Meanwhile, the PIN diodes fixed on the
transmission lines, specifically Dy to D1s, are leveraged to enable precise beam steering within
arange of +25°. The control of antenna radiation patterns is achieved by implementing forward
and reverse biasing of PIN diodes. To steer the beam towards an angle of +25°, the following
PIN diodes are engaged in the ON state: Do, D11, D14, and D16, while simultaneously switching
D10, D12, D13, and Dis to the OFF state.

Conversely, to redirect the beam towards a negative angle of -25° a complementary
configuration is applied. This entails biasing D10, D12, D13, and Dss in the forward state, while
Dg, D11, D14, and D16 are subjected to a reverse bias. This level of control enables the array to
achieve precise beam steering in multiple directions, enhancing its versatility and adaptability.
In the context of polarization, three cases are attainable: LHCP, RHCP, and Linear Polarization
(LP). LHCP configuration is realized by placing D1, D3, Ds, and D7 in forward bias states, while
concurrently holding D2, D4, Ds, and Dg in reverse bias.

Conversely, to achieve RHCP, the PIN diode cases are inverted, with D2, Ds, Dg, and Ds in
forward bias and D1, D3, Ds, and D7 in reverse bias. Lastly, for LP, PIN diodes from D1 to Ds
are set to a zero-bias, or unbiased, state effectively holding them in a neutral position, and
allowing the antenna to operate without imparting circular polarization. This precise control
over polarization cases empowers the array to adapt to various communication scenarios and

requirements.

6.7 Fabrication and Measurements

This segment showcases the fabrication and measurement results of this Chapter. Specifically,
one prototype of the suggested reconfigurable CP 4-element circular loop array using PIN
diodes is fabricated and tested to verify the design. The measurements have been conducted

using the E5071C mmWave vector network analyser and the National mmWave Measurement
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Figure 6.9: Fabricated prototype of the reconfigurable array antenna at 27.5 GHz: (a) antenna under test and (b)
top view (c) bottom view (d) Soldered the wires to the solder pads. (e) Proposed antenna with PIN diodes.
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Facility (NmmMF). The reflection coefficient was measured using a 2.4 mm SMA connector
and an N5245B vector network analyser (VNA). presents photographs of a
reconfigurable array antenna in the NmmMF during the measurement process. The phased
array needs to maintain good impedance matching at all beam steering angles.

Simulations and measurements were conducted to verify the simulations, focusing on return
losses at beam steering angles of -25° and +25° and considering three different polarisation
senses (LHCP, RHCP, and LP). The comparisons of these results are illustrated in

and , revealing good agreement between simulations and measurements. Additionally, the
findings highlight consistently good impedance matching across all beam steering angles.

In the first scenario, the simulation indicates that configuring the antenna to operate in the
LHCP case results in percentage impedance bandwidths of approximately 9.96% and 9.1% for
the evaluated beam steering angles (-25° and +25°) respectively. The corresponding measured
results show bandwidths of around 6.8% and 6.75%. In the second scenario, when RHCP cases
are considered for the same beam steering angles, the simulated antenna array exhibits
percentage impedance bandwidths of approximately 8.6% and 8.4%, while the measured
results show bandwidths of around 5.9% and 5.7% respectively.

Furthermore, the results indicate that LHCP and RHCP cases demonstrate nearly symmetrical
performance, a desirable characteristic for specific applications. On the other hand, differences
between measurement and simulations can be attributed to the assembly of the PIN diodes
using silver paint as well as experimental errors. Overall, these findings underscore the
reliability of the simulations, highlight impedance matching effectiveness, and suggest
potential applications for LHCP and RHCP cases.

In , the achieved reflection coefficient in the LP case is depicted under the scenario
where the PIN diodes of the loops are under zero bias, and the beam steering angles are the

same (-25° and +25°). Notably, the figure reveals successful matching over a narrow band
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centered at 26 GHz, with bandwidths considerably narrower compared to those in the CP cases.

Specifically, the simulation demonstrates bandwidths of 3.28% and 3.5%, while the
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Figure 6.10: Return losses as a function of frequency across various CP senses and beam steering angles.
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Figure 6.11: Return losses of the mmWave reconfigurable array antenna operating in the LP case.

150



measurements show slightly narrow bandwidths at 2.46% and 2.42%. These findings suggest
that, in addition to achieving reconfigurable polarization and beam steering, the antenna also
possesses reconfigurable frequency capabilities when utilizing linear polarization. Therefore,
the proposed antenna introduces a multifunctional, or compound, reconfiguration as it enables
the tuning of frequency, polarisation, and radiation patterns using 16 PIN diodes and two
biasing networks only, offering a versatile solution for various applications.

and showcase the measured and simulated axial ratios for both LHCP and
RHCP cases at beam steering angles of -25° and +25°. In the LHCP scenario, the simulated 3
dB axial ratio bandwidths cover approximately 8.7% and 8.1% within beam steering angles of
-25° and +25°, respectively. The measured 3 dB AR bandwidth in the same LHCP scenario
registers around 6.1% and 6.3%, demonstrating close agreement with simulations. Conversely,
in the RHCP scenario, the simulated 3 dB AR bandwidths are roughly 8.2% and 8.5% within
beam steering angles of -25° and +25°, respectively. Correspondingly, the measured outcomes
show bandwidths of approximately 6.2% and 6.1%, all centered at 27.5 GHz.
Furthermore, and illuminate the 3 dB axial ratio (AR) beamwidths for the
LHCP and RHCP configurations at beam steering angles of -25° and +25°, showcasing a
commendable convergence between measured results and simulations at the pivotal frequency
of 27.5 GHz. In the LHCP scenario, when the main beam is directed at -25°, the experiment
yielded a measured AR beamwidth spanning from (-26° to 14°), harmonizing closely with the
simulated range of (-28° to 15°). Similarly, with the main beam steered to +25°, the measured
AR beamwidth extended from (-12° to 26°), aligning seamlessly with the simulated range of
(-7° t0 29°).
Switching to the RHCP scenario, when the main beam position at -25°, the measured AR

beamwidth unfolded from (-26° to 15°), aligning effectively with the simulated range of (-30°

151



25

— Simulated LHCP at +25°
— Simulated LHCP at -25°
20 A - - - Measured LHCP at +25°
- - Measured LHCP at -25° /
m
° 15N
o
IS N
e
©
<
5 .
O T T T T
25 26 27 28 29 30
Frequency, GHz
(@)
25
s Simulated RHCP at +25°
e Simulated RHCP at -25°
- Measured RHCP at +25°
20 1 = == = Measured RHCP at -25°
m
°
o
Io
n'd
©
<
<
0 T T T T
25 26 27 28 29 30

Frequency, GHz
(b)

Figure 6.12: Axial Ratio for both circular polarisation senses and beam steering angles in the maximum
radiation direction (a) LHCP (b) RHCP.

to 18°). Finally, with the main beam pointed at +25°, the measured AR beamwidth spanned
from (-11° to 26°), in striking accord with the simulated range of (-13° to 27°). This striking
alignment between experimental findings and simulations not only attests to the precision of
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our methodology but also underscores the substantive contribution of this research to the

field.
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Figure 6.13: AR as a function of polar angle 0 at 27.5 GHz for two polarisation senses: (a) LHCP and (b)

RHCP.
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and illustrate the normalized simulated and measured radiation patterns
of the EL and Er components at the $=0° principal plane, corresponding to LHCP and RHCP
cases achieved by the reconfigurable array with two beam steering angles (-25° and +25°). The
results reveal a substantial alignment between experimental measurements and simulated data,
albeit with minor discrepancies attributed to measurement errors in the mmWave frequency
range. In some cases, EL is stronger than Er by more than 20 dB in the main beam direction,
which corresponds to an LHCP sense. Conversely, when the Er component exceeds the
strength of E, it signifies an RHCP. However, the difference between E. & Er is reduced as
the elevation angle is shifted from +25° which indicates the degradation of the circular
polarization level. By controlling all cases of the PIN diodes, different main beam polarisation
and steering can be switched.

presents the normalized radiation patterns at 26 GHz in the E-plane (xz plane) of
the antenna when the PIN diodes on the loop antennas are under zero bias with a close
agreement between simulated and measured results. This configuration enables the radiation
of LP wave at varying operating frequencies and two distinct beam steering angles of +25° and
-25°. Overall, the proposed array has successfully achieved six distinct cases, incorporating
reconfigurable frequency, reconfigurable polarization, and reconfigurable beam steering

functionalities.
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Figure 6.17 illustrates the maximum realised gains for both circular polarization and linear
polarization modes across all cases as the main beam is steered to angles of (-25° and +25°).
From these results, it can be observed that for Cases 1 to 4, which correspond to CP radiation,
the simulated realized gain is circa 10.3 dBic at 27.5 GHz, while Cases 5 and 6, which
correspond to LP case, the antenna exhibits a slightly lower realized gain of approximately 9.1
dBi at 26 GHz. This agrees with the measurements and can be explained as a result of the
different loading impedances offered to the antenna by biased diodes in cases -4 and unbiased

diodes in cases 5-6, which could alter the current distribution and reduce the efficiency.
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Figure 6.17: Realised gains for different polarisations and different main beam directions of the mmWave
MRAA.
Significantly, the simulated total efficiency remains consistently high across various scenarios.
It reaches approximately 73% for cases 1 to 4 and 64% for cases 5 to 6, aligning with the
desired bandwidth as illustrated in Figure 6.18. The lower efficiency in the LP case could be

attributed to the higher resistance offered by the unbiased PIN diodes. This finding emphasizes
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the remarkable performance of the multifunctional reconfigurable antenna within the mmWave

frequency range.
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Figure 6.18: Total efficiency for different polarisations of the proposed mmWave MRAA.

6.8 Performance Comparison

A comparison between the performance of the proposed antenna and those reported in the
literature is presented in Table 6. However, the comparison has been made with counterparts
that operate at lower frequencies as no mmWave multifunctional reconfigurable array is
available in the literature, which emphasises the significance of the findings of the presented
study.

The first that can be observed from Table 6.6 is that there are only two reported MRAA
configurations that offer reconfigurability of the three key parameters, frequency, pattern, and
polarisation [114], [116] albeit with a higher number of operating modes compared to 6 in this

study. However, this is more than compensator for by the simpler proposed design in this work
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that utilises only 16 PIN diodes compared to 144 and 60 in these references. This is in addition

to the mmWave operation, higher gain, and wider bandwidth.

TABLE 6.6: COMPARISON OF THE PROPOSED ANTENNA PERFORMANCE AGAINST
REPORTED MFRA PROTOTYPES.

Ref. | Freq. Antenna Switches S AR Gain | n% | Reconfigurability
GHz BW% ] BW% dBi
[104] | 4.1,6.4 | MIMO 112+ 3 - _ | __ | Polarisation &Freq.
[105] | 5.2,6.4 | Slot 4% - NA - 80 Pattern, Frequency
[106] | 1.4-2.8 | PA 3 _ NA -0.7 | 42 Frequency &Pattern
2.0-25 6.5 95
1.9-2.6 3.8 65 Freg. & Polarisation
[107] | 2.68,3.5 | PA 6** . NA 75 94 Frequency &
5 76 Pattern
[108] | 11 PA 10* . NA 8,7. | __ | Pattern &
2, Polarisation
7.4
[109] | 10 Pixel 20+ 5 NA | | Frequency &
Pattern
[110] | 45,7 81 PAs 144+ 1.5-4 | NA 3.47 | 46 Pattern, Frequency
& Polarisation
[111] | 2.5 PA-Pixel 12" ~16 NA 6 70 Frequency &
Pattern
[112] | 2.7 PA-Pixel 60* 2.8 L 4 50 Pattern, Frequency
& Polarisation
[113] | 5.4-5.6 | 4 PAs- 24 3 1.8 135 | | Pattern&
Pixel Polarisation
[114] | 2.4 PA-Pixel 12% 4 NA 6.5 | Pattern
[115] | 2.45,5.3 | PA-Pixel 60* _ NA 6.9, | ___ | Pattern
8.2
[116] | 0.8-3 Crossed Liquid _ _ 0.3- | 41- | Frequency &
dipole Metal 1.7 70 Polarisation
[117] | 1.5 Dipole Liquid _ NA 212 |95 Pattern&
Metal Polarisation
[118] | 3-5 Monopole | Liquid 40 37.5/48.8 | 2.2 _ Frequency &
Metal Polarisation
[119] | 2-7 Microstrip | Liquid 5.9 narrow 59 90 Frequency &
Metal Polarisation
[120] | 4-5 PA, 4x4 Multi-ports | 22 _ _ 75 Pattern&
PA Polarisation
[121] | 1.3- PA, 4x4 Digital, 4- |2 NA 155 | 54- | Frequency &
2.19 PA ports, 4% 59 Polarisation
[122] | 2.5 1x4 DR Digital, 32%, | 12.5 2.4 9 60% | Pattern&
Metasurface Polarisation
This | 28 1x4 Loop 16% 13 8 10 73% | Pattern, Frequency
work & Polarisation

« MEMS, ¥ PIN diodes, = Varactors, £f Hard wired, PA Patch Antenna
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In addition, the suitability of the reported designs to work in the mmWave frequencies is questionable
due to the complexities introduced by the excessive number of switches and/or parasitic substrates
[104], [109], [110], [112], [113], [115], utilizing metal liquids [116]-[119], multiple ports [120],[121],
and the utilisation of DR elements that are associated with the assembly and bonding complexities
[122]. Furthermore, CP radiation has only been reported in 8 studies, mostly with narrower AR
bandwidths [104], [112],[113], [116], [118], [119], [120], and [122].

The proposed configuration represents the first attempt to demonstrate the potential of a multifunctional
reconfigurable array for millimeter frequencies, which makes it most suitable for 5G and B5G systems.
Furthermore, the design also offers distinctive advantages such as simplicity and improved performance
in terms of bandwidth, gain, and efficiency.

6.9 Summary

This Chapter presented a comprehensive literature review of reconfigurable multifunction
antennas. This is followed by introducing a novel design of such arrays that is suitable for
mmWave frequency applications, where special attention has been paid to designing an
efficient biasing network for the 16 PIN diodes. It should be noted that only two biasing
networks have been utilised compared to many more in the literature. A prototype has been
fabricated and measured with excellent agreement between measured and simulated results.

The measured results confirm the potential of the proposed MRAA when reconfigurability is

needed for the key antenna parameters such as pattern, polarisation, and frequency.
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Chapter 7

An Investigation of On-chip Circularly
Polarized  Circular Loop  Antenna
Fabricated on 350um Thick 4H-SIC and
GaAs Substrates in the Q/V Band.

7.1. Introduction

Global mobile data traffic has increased significantly in recent years. It is expected that data
traffic will continue to strain the capacity of communication networks in the future [124]. An
analysis of current statistics from the International Telecommunication Union (ITU) shows that
global mobile data traffic will increase to 607 exabytes (EB) per month by 2025 [125]. The
exponential increase of the 5G throughput requirement drives the spectrum used for the front
haul from the conventional microwave band to the mmWave spectrum. It has been the
consensus that the Q/V-band offers many advantages over the lower frequency bands. The Q-
V band holds considerable potential that has yet to be harnessed for commercial systems. This
frequency range encompasses a significant portion of the spectrum designated for satellite
services, presenting promising prospects for future applications [126, 127]. One of the reasons
for the growing enthusiasm for communications and existing communication systems that
utilize higher frequencies. The main obstacle in utilizing these bands is the increased
propagation loss in terms of the attenuation caused by rain and the path loss [128]. Therefore,
to overcome the limitations of mmWave signal propagation, the commonly used linearly
polarized elements are replaced by circularly polarized counterparts [129, 130]. Circular

polarization radiation is used in several applications such as global positioning systems (GPS),

162



satellite communications, RFID systems, ground radar, and wireless local area networks [131].
To meet the requirements of specific applications, CP antennas can be realized by generating
orthogonal modes using perturbation techniques [132]. On the other hand, loop antenna has
received much attention as it offers several advantages such as simple design and fabrication,
low-cost implementation, and ease of implementation. As a result, it has been employed in

many wireless applications [133].

The employment of on-chip antennas offers significant advantages in the development of
highly integrated transceiver systems by utilizing complementary metal—oxide—semiconductor
(CMOS) technology. For example, antenna with artificial magnetic conductor (AMC)-based
wide-slot squared design has been seamlessly integrated at 60-GHz [134]. In simulations, this
integrated antenna exhibited a gain of approximately -2.1 dBi. Consequently, the concept of
antenna-on-chip holds promise as a viable alternative to conventional metal interconnects for
connecting chips on a printed circuit board (PCB), especially when dealing with extremely
wide bandwidths and sub-terahertz carrier frequencies, where traditional metal leads become

impractical.

In another study, a vertical-type loop design with two wire bonds of varying sizes has been
introduced for 50 GHz operation using a Silicon substrate [135]. These wire bonds originate
from the ends of a differential line and culminate at a shorted-metal pattern. The antenna is
linearly polarized with a circa 8% return losses’ bandwidth, along with a total efficiency of
24% and a gain of -2 dBi. In addition, the utilization of two wire bonds of differing sizes and
complex feeding structures can result in a relatively large and intricate antenna configuration.
Furthermore, the fabrication process may pose challenges, particularly when dealing with small
dimensions such as a 10 um slot width and 100 um metal line width, demanding advanced
manufacturing techniques to achieve precise dimensions at this scale. Furthermore, three on-
chip antenna prototypes were designed and compared using a high-resistivity Silicon substrate
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operating at the V-band [136]. These antennas: loop, slot, and dipole, were tested with
measured boresight gains of 3.7dBi, 3.8dBi, and 3.9dBi, with corresponding radiation
efficiencies of 79%, 83%, and 82%, respectively. The results highlight the effectiveness of
using high-resistivity substrates to enhance the gain and efficiency of on-chip antennas
significantly. This demonstrated the potential of on-chip antennas as a promising technology

for highly integrated mmWave applications.

Other studies consider GaAs substrates due to higher resistivity and lower losses compared to
Si substrates. For example, an on-chip antenna of a half-wavelength dipole radiating element
and two tilted and slotted dipole elements was designed, using GaAs substrate, to operate in
the V-band frequency range, i.e. at 60 GHz, and the results demonstrated a gain of circa 3.6
dBi [136]. A multilayer patch antenna that is integrated with a VV-band MMIC transmitter has
been fabricated on a 100 um thin GaAs wafer and measured with a maximum gain of ~2dBi at
57 GHz [137]. Furthermore, a 94-GHz log-periodic planar antenna has been reported, where
a lapping process was utilized to reduce the substrate thickness to 100 um for efficiency

improvement purposes with an achieved gain of 4.8 dBi [138].

Most reported studies on the on-chip antenna are based on utilizing Si or GaAs wafers as
substrates. However, such materials suffer from relatively high dielectric losses, which
deteriorate the antenna’s radiation efficiency at higher frequencies [139-141]. Besides, the
higher dielectric constants of 12 and 12.94 for Si and GaAs substrates, respectively, may result
in a stronger surface wave excitation for a given wafer thickness. On the other hand, 4H-SiC
offers lower dielectric losses compared to Si and GaAs substrates as well as a distinctive
advantage of the capability to work in harsh environments such as high temperature and high
power [142], which make it most suitable for the design of conventional antennas and antenna
sensors that operate in such conditions. Despite the considerable reported studies on the
potential of 4H-SiC-based devices, only two studies are available on the design of 4H-SiC-
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based antennas [143, 144]. A patch antenna has been fabricated on a 4H-SiC substrate
operating at 10 GHz with a narrow impedance bandwidth and gain of 2 dBi [143]. On the other
hand, a simulations-based study was reported in [144] to demonstrate the potential of a

mmWave dielectric resonate antenna on a 4H-SiC substrate.

This paper presents the design and comprehensive measurements of a circularly polarized on-
chip loop antenna that is fabricated on a 4H-SiC substrate to operate at the Q/V frequency
bands. This design delivers commendable performance characteristics in terms of both return
losses and axial ratio bandwidths. In addition, for comparison purposes, two different substrates
have been considered, namely 4H-SiC and GaAs. The performance of the single loop antenna
on each substrate has been thoroughly examined, focusing on key parameters such as return
losses, circular polarization, gain, and radiation efficiency. Furthermore, 4 elements 4H-SiC-
based array has been designed and measured with a high gain of 9.5 dBic. In the proposed array
design, a parallel feed network has been implemented, which plays a crucial role in optimizing
the antenna's performance. Different circular polarizations by changing the position of the gaps
in the loop antenna. This capability enables the antenna to produce various types of circular
polarization, enhancing its versatility and adaptability for different communication needs. The
simulations were conducted using the Computer Systems Technology (CST) Microwave
Studio software. A close agreement has been achieved between simulations and measurements.
This research contributes to the development and understanding of on-chip loop antennas for
Q/V band frequencies, showcasing their potential applications in various wireless

communication and sensing systems.
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7.2 Contribution

1. Designed and fabricated an on-chip circularly polarized (CP) single-loop antenna
specifically tailored for the Q/V band frequency range, utilizing two distinct substrates: GaAs
and 4H-SiC. The proposed antenna design incorporates two concentric loops, with the outer
loop serving as the active element and the inner loop enhancing the CP bandwidth. This design
delivers commendable performance characteristics in terms of both return losses and axial ratio

bandwidths.

2. Generation of Different Circular Polarizations using GaAs antennas: By changing the
position of the gaps in the antenna design, LHCP and RHCP circular polarizations can be
generated. This capability enables the antenna to produce various types of circular polarization,

enhancing its versatility and adaptability for different communication needs.

3. A 4-element open loop array antenna using the 4H-SiC substrate. In the proposed design, a
parallel feed network has been implemented, which plays a crucial role in optimizing the
antenna's performance. In addition, the proposed design offers a high gain of 9.5 dBic,
particularly in the broadsight direction. This enhancement in gain underscores the antenna's

effectiveness in transmitting and receiving signals.

The chapter is organized as follows; Section 7.3 introduces the configuration and design
principles of a circularly polarized. The measurements of an on-chip antenna on a GaAs
substrate is presented in Section 7.4 with detailed investigation of the CP radiation options.
This GaAs-based prototype will be used as reference against which the performance of a 4H-
SiC-based antenna will be compared in Section 7.5 through fabrication and measurement. In
Section 7.6, we outline the methodology for the proposed on-chip array antenna design using
a 4H-SIiC substrate and covers the prototype development, simulation, fabrication, and

measurement of the proposed antenna array. The paper is concluded in Section 7.7
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Figure 7.1: Geometry of the on-chip circular loop.

7.3 Q/V- Band Circularly Polarastion Antenna Design and Configuration
This section presents the proposed single antenna on different substrates as well as the on-chip

configurations.

7.3.1 Design of Circular Polarisation Single Element

This section presents the proposed single antenna on different substrates. For the design of
a single element, three layers are used including the actual antenna, substrate, GaAs or 4H-SiC,
as well and a copper ground plane ground plane with a size of 10 mm x 10 mm. Figure 7.1
depicts the configuration of the utilized CP antenna element. The printed circular loop and
substrate are positioned above a square copper plate, which functions as a reflector. This
proposed antenna comprises two concentric loops, with the outer loop serving as the active

element. To achieve the CP radiation, the outer loop’s circumference needs to be approximately
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one effective wavelength. With the aid of Equations (1), (2), and (3), the circumference of the

outer can be calculated [20], i.e.,

eeff =(ert+1)/2. (7.2)
Aett =A0/ (eefr). (7.2)
27R1= Aeff (7.3)

where &5 is the effective permittivity, Aetr is the effective wavelength, and A is the free-

space wavelength.

The optimization of the outer loop gap, denoted as Ag2, is carried out to establish a current
distribution that supports traveling waves along the loop, a critical factor for achieving circular
polarization. Furthermore, the inner loop is designed with a smaller gap to enhance the CP
bandwidth. Due to the shorter wavelengths at high frequencies, which results in a small antenna
size, a coplanar waveguide probe with ground-signal-ground (GSG) contact geometry has been
used for measurements as shown in . The center-to-center spacing of the probe tips
is 150pum. The width of the feed line, 2, has been chosen as 100pum. The distance between the
feed line and the grounded rectangular pads, I3, has been optimized to 50um for optimum 500
matching. The antenna has been designed for operating frequencies ranging between 40 and 44
GHz. By adjusting the width and the positions of the two-loop gaps (91, ¢2), the required axial

ratio (AR) can be achieved.

The antenna has been designed using CST and the optimized geometrical parameters for the

circularly polarized loop antenna are listed in Table 7.1.
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Table 7.1 Used Parameters of the Antennas (all dimensions in mm)

Symbol Quantity GaAs 4H-SiC
& relative permittivity 12.94 10.2
tand loss tangent 0.006 0.00003
R1 outer loop radius 0.441 0.55
R2 parasitic loop radius 0.266 0.34
t1 outer loop width 0.1
t2 parasitic loop width 0.014 0.02
l1 pads length 2.69 3.18
I2 transmission line width 0.1

gap between the

ls transmission line & pads 0.05
W1 pads width 0.574 0.85
W, length between the pads & 3.886

outer loop

ao antenna thickness 0.035

h thickness of the substrate 0.35
0.t reflector thickness 0.035

Ap1 parasitic loop gap 5°
Ap2 outer loop gap 10°
T50 probe, A-Style of the connector
Probe touch Probe touch
points pitch points piteh

150um 150uem

Gap
50um

Gap
S0em

Pad width Pad width Pad width
200um 100 um 200um

Figure 7.2: RF probes and landing pad dimensions.
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7.4 GaAs-Based Antennas with Different Polarization Senses

provides an illustrative depiction of two on-chip GaAs antennas in operation,
functioning at a frequency of 44 GHz. These antennas exhibit two different types of
polarization, a phenomenon that is accomplished through the strategic placement of gaps. It is
worth noting that a one-wavelength loop antenna inherently radiates a linearly polarized wave.
However, the introduction of a gap within a circular loop antenna induces a traveling-wave

current, leading to the generation of circularly polarized radiation.

As shown in when the gaps Ag1 and Ag. for the outer and parasitic loop are
positioned on the right side of the antenna structure, it fosters the formation of a traveling wave
current, circulating in a clockwise direction, ultimately resulting in the Left-Hand Circularly
Polarized (LHCP) wave in the far-field region. Conversely, in the antenna configuration
portrayed in , when the gaps of A1 and Aoz for the outer and parasitic loop are
situated on the left side, it facilitates the generation of a Right-Hand Circularly Polarized
(RHCP) wave. This duality in polarization characteristics demonstrates the versatility and
controllability of GaAs antennas, opening up opportunities for various applications in wireless

communication and antenna engineering.

presents the simulation current distribution along the loop at circa one wavelength,
utilizing LHCP and RHCP at the operating frequency of 44 GHz. In contrast to linear
polarization, where the current maintains a constant amplitude throughout the ring's length,
circularly polarized waves exhibit dynamic alterations in both strength and orientation as they
advance across their wavelength. As the current progresses along the loop, its amplitude
undergoes gradual fluctuations, diminishing while adopting a spiral or helical trajectory as it
revolves around the propagation direction. This current rotation is responsible for generating

the characteristic circular polarization pattern. shows the outcomes of CST
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simulations that depict how current flows within a loop antenna when it operates in both LHCP
and RHCP modes. These simulations help in understanding the antenna's behavior and

performance under different polarization conditions.

Clockwise : CAnti-clockwisd

Figure 7.3: The configuration of various polarization modes for a GaAs antenna operating at 44 GHz.
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Figure 7.4: depicts the current distribution of a GaAs antenna at 44 GHz, showcasing both LHCP and RHCP.
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Figure 7.5: Simulated current distribution at 44 GHz, depicting (a) LHCP and (b) RHCP.
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(b) (©

Figure 7.6: The fabricated prototype of the on-chip GaAs antenna at 44 GHz (a) Antenna under test, (b) LHCP
antenna, and (¢) RHCP antennas.

7.5 Assessment of GaAs Antennas through Fabrication and Measurements

To manufacture the antenna, a 350 pm thick substrate is chosen. Thanks to a photolithography
process with only one mask for the antenna metallization, we can obtain accurate and small

dimensions of the gaps and the transmission lines. A 40/400 nm of Ti/Au is deposited for the
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antenna metallization and the ground plane. Between the antenna and the substrate, there is a

silicon dioxide layer of 1 um.

presents the fabricated prototype of the on-chip GaAs antennas under test for

different polarisation LHCP and RHCP operating at 44 GHz.

As depicted in , there is a notable concurrence between the experimental reflection
coefficients and their simulated counterparts. The measured outcomes demonstrate an
impedance bandwidth of 3.68% for the LHCP state and a 3.7% bandwidth for the RHCP state.
It is worth noting that the simulated S11 bandwidths for both LHCP and RHCP are

approximately 3.6%, affirming the consistency between experimental and simulated results.

displays the measured and simulated Axial Ratio (AR) for the LHCP and RHCP

states, demonstrating an agreement between the measured and simulated AR bandwidths. In

evaluating the bandwidth characteristics of CP antennas, the overlapping bandwidth between
impedance bandwidth and AR bandwidth is typically considered. When comparing

, it becomes evident that the measured overlapped bandwidth for RHCP and LHCP

states is approximately 2.75% and 2.8%, respectively, while the simulation results indicate a

bandwidth of around 3.2% for RHCP and 3.4% for LHCP states.

At the same , the simulated realized gain of the GaAs antenna proposed for operation
at 44 GHz is displayed. It is noteworthy that the simulated realized gain is consistent at circa

4.6 dBic for both polarizations, LHCP and RHCP.

showcases the normalized radiation patterns at 44 GHz in the E-plane for GaAs
antennas, with both LHCP and RHCP polarizations. The presented investigation reveals
excellent agreement between the simulation and measurement results at the operating
frequency. Notably, the broadside mode exhibits the highest gain in the 6 = 0° direction in both

cases, with RHCP and LHCP.
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Figure 7.7: Reflection coefficients of the on-chip antenna on GaAs substrate.
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Figure 7.8: Axial ratio and gain for both circular polarization senses in the main beam direction.
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Figure 7.9: Normalized Radiation Patterns for GaAs Antennas at 44 GHz in E-Plane with LHCP and RHCP
Polarizations.
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7.6 Performances of 4H-SiC Based Antenna
Images of the measurement process are depicted in and illustrate the single loop

antenna within the testing environment using two substrates GaAs and 4H-SiC.

presents a comparison between the measured and simulated return losses for the
proposed single element when fabricated on 4H-SiC and GaAs substrates. The results show
that the antennas on 4H-SIC and GaAs substrates exhibit measured Sii1 bandwidths of
approximately 3.5% and 3.6%, respectively, which agree closely with the simulations. These
bandwidths extend over frequency bands of 39.4-40.8 GHz for 4H-SiC-based antenna and
43.35-44.93 GHz for the GaAs-based counterpart, which correspond to respective bandwidths
of 3.68% and 2.5% It should be noted that different frequencies bands have been achieved to
the different electrical thicknesses of the GaAs and 4H-SiC. Moreover, the physical dimensions
of each loop antenna were determined using the effective wavelengths, which are based on the
approximation of equation (7.1). It is noteworthy that also presents the radiation
efficiencies, where it can be observed that for the GaAs-based configuration offers a radiation
efficiency of 78%, which is notably lower than that of ~96% for the 4H-SiC-based antenna.
This clearly demonstrates the lower dielectric losses of the 4H-SiC substrate, which results in

higher radiation efficiency.

illustrates the measured and simulated axial ratio as well as the simulated gain of
the proposed antenna. The results reveal that the measured AR bandwidth for 4H-SiC and GaAs
substrates are 4.75% and 2.8%, respectively. In comparison, the respective simulated AR
bandwidths are 4.75% and 3.4% for the 4H-SiC-based and GaAs-based antennas. Additionally,
a narrower bandwidth is achieved when a GaAs substrate is utilized, which can be attributed
to the higher dielectric constant of this substrate. Furthermore, the simulated single antenna’s

gains for 4H-SiC and GaAs configurations are ~6.5 dBic and 4.6 dBic, respectively.
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Figure 7.10: The single loop antenna within the testing environment (a) On GaAs substrate, (b) On 4H-
SIC substrate, and (c) antenna under test using an RF wafer probe.

178



Once more, the highest broadside gain has been achieved by utilizing the 4H-SiC substrate and
is in line with the higher radiation efficiency, which is attributed to the lower loss tangent and

weaker surface waves created by the substrate with lower permittivity.

and presents the measured and simulated radiation patterns for the
proposed antenna within the principal plane, ¢ = 0°, at 40 GHz and 44 GHz, corresponding to
4H-SiC and GaAs substrates, respectively. Furthermore, the simulation results reveal the
generation of a left-hand circularly polarized wave (LHCP) since E is larger than Er as
demonstrated in . This observation also signifies that the traveling wave

current circulates counterclockwise along the surface of the loop.
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Figure 7.11: Return losses and radiation efficiencies of the two on-chip antenna configurations.
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Figure 7.12: Gain and the axial ratio of the two on-chip antenna configurations.
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Figure 7.13: Simulated and measured radiation patterns at $=0° for on-chip antennas on two substrates: (a) GaAs,
(b) 4H-SIiC, (c) simulated EL & ER radiation patterns for the 4H-SiC antenna, and (d) simulated EL & ER

radiation patterns for the GaAs antenna.
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7.7 Design of A 4-Element Circularly Polarisation Antenna Array using

4H-SIC

Following the successful testing of a single on-chip CP antenna, the investigations have
been extended to design a 4-element on-chip antenna array employing the 4H-SiC substrate
with dimensions of 10x10mmx35um. Building upon the performance insights gained from an
individual antenna, we proceed to design 1x4 uniform linear antenna arrays with a precise
spacing of 1.9 mm between adjacent elements, which is approximately equivalent to Ao/2 at 43

GHz.

The antenna spacing is chosen to achieve maximum gain and minimum side lobe levels (SLL).
The antenna arrays are fed using uniform-length feeding lines for all elements with a 0.1 mm
wide microstrip transmission line as presented in . This design choice ensures
uniform signal amplitudes and phases across all elements, resulting in constructive interference

and the formation of a robust main beam directed at 6=0°.
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Figure 7.14: The proposed configuration of on-chip antenna array using 4H-SIC substrate.
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Figure 7.15: Photographs of the array antennas in the spherical measurement lab.

7.8 Fabrication and Measurements of On-Chip Array

Figure 7.15 presents the measurement settings of the Q/V band circularly polarized antenna

within the testing environment.

Figure 7.16 presents the simulated and measured return losses as well as the simulated total
efficiency of the 4H-SIC antenna array. These results show that the antenna array boasts
simulated and measured impedance bandwidths of approximately 4.4% and 4.6%, respectively.
The array impedance bandwidth is slightly wider than that of a single antenna due to mutual

coupling between elements. Furthermore, total efficiency has reached approximately 92%.
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The simulated and measured axial ratio and gain of the proposed arrays are presented in

. The simulated 3dB AR bandwidths are approximately 4%, which is in close agreement
with the measured results of 3.9% centered at 43 GHz. In addition, , the achieved simulated
gain is 9.7 dBic. It is worth noting that the 4H-SiC array exhibits a 3 dB gain advantage
compared to the single element. It is important to emphasize that the relationship between the
number of elements and the gain is not strictly linear. The addition of more antenna elements
may not yield a commensurate increase in gain, primarily because the radiation pattern may

not significantly narrow for each additional element.

Furthermore, another critical consideration for achieving only a marginal 3 dB gain
enhancement in the array is the limitation imposed by the constrained ground plane size, which
matches that of the single-element antenna. Expanding the ground plane dimensions presents

itself as a viable strategy for augmenting antenna gain.

depicts the EL. & Er radiation patterns at both $=0° and $=90° at 43 GHz. Notably,
there is close agreement between the measured and simulated results. In this case, the electric
field component E. surpasses Er in strength, indicating the generation of a left-hand circularly
polarized (LHCP) wave. For instance, EL is greater than Er by more than 15 dB in the case of

broadside radiation.

Table 7.2 presents a comparative analysis between the suggested antenna and prior
investigations [141-146]. It is evident from this table that the suggested antenna exhibits
superior characteristics, including increased gain, heightened efficiency, and circular

polarization utilization in contrast to earlier antenna designs relying on linear polarization (LP).
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substrate.

187



Table 7.2 Performance Comparison of the V-band on-chip Antenna Designs

Type of Antenna Operating Su AR -
Ref. Number of Substrate Frequency | bandwidth | Polarisation Bandwidth Pe_a k Efficiency
elements gain
GHz
Vertical-Type - . } . o
[135] wire loop antenna 1 Silicon 50 8% LP 2 dBi 24%
Loop 3.7dBi, 79%
[136] Slot 1 - ¢ ~8.5% LP *x 3.8dBi 83%
dipole Silicon 0 39dBi | 82%
Slot
[137] ! Silicon 60 - LP o 21d8i |
Dipole based o o
[138] ! GaAs 61 $11.6% LP 3.6 dBi
*% - H
[3g] | Fateh 1 GaAs 57,59 LP o ~11'3E‘§ji8" 33%,21%
— 5
[140] Log periodic 1 GaAs 94 12.5% LP o 4.8dBic ox
This Open-Loop )
work ! GaAs 44 3.6% cp 3.4% 46dBic | o
This Open-Loop 1 ) _ 95%
work 4H-SiC 40 3.5% CP 4.75% 6.5 dBic
This
work Open-Loop 1x4 4H-SiC 43 4.6% CP 4% 9.7 dBic 92%

** The values were not supplied.
¢ The exact values were not supplied, and the data were obtained by extrapolating the given information.

6.9 Summary

It is well-known that the performance of the on-chip loop antennas operating at high frequencies
can deteriorate owing to dielectric and surface wave losses. Consequently, the selection of an
appropriate substrate with the right dielectric constant and loss tangent plays a crucial role in
achieving optimal antenna performance. In a comparative study, two different dielectric
substrates have been utilized for a CP circular loop antenna operating within the Q/V frequency
band. The potential of designing and fabricating an on-chip mmWave antenna on a 4H-SiC has
been demonstrated for the first time. The results demonstrate that an on-chip antenna fabricated
on a 4H-SIC substrate, with lower dielectric constant and loss tangent, offers the highest gain,
reaching 6.5 dBic, and a high efficiency of circa 95% for the single antenna configuration. As a
result, a CP array antenna employing a 4H-SiC substrate in the Q/V band was successfully
fabricated and measured. The results are highly promising, with the on-chip antenna array
exhibiting an impressive gain of approximately 9.7 dBic combined with a commendable
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efficiency of 92%. Furthermore, the antenna array achieves left-hand circular polarization and
offers an axial ratio bandwidth of circa 4%. The achieved results demonstrate an excellent
agreement between simulations and measurements. Besides, the results also indicate that

particularly good impedance matching is achieved.

189



Chapter 8

Conclusion and Future Work

8.1 Conclusion of the Thesis

In today's era, wireless communications are essential, seamlessly integrating with daily life
where connectivity, internet access, audio-visual communication, and data transfer have
become indispensable. The antenna, situated at the core of any communication system, serves
as a vital frontier element, facilitating the transceiving of communication signals through
electromagnetic radiation. Traditionally, antenna design focuses on optimizing performance
for fixed frequency, radiation, and polarization characteristics. However, with the surge in
engagement with man-machine devices over the last few decades, the concept of antenna

design, particularly array antennas, has undergone significant transformation.

Phased array technology emerges as a key player in this evolutionary shift, presenting
advantages like precise beamforming, adaptive steering, and interference mitigation. This
technology adeptly addresses modern wireless communication systems' dynamic needs and
challenges. However, as environments change and the demand for adaptability in frequency,
radiation pattern, and polarization becomes crucial for efficient communication, the limitations

of fixed-performance antennas become apparent.

In response, the antenna reconfiguration concept has gained prominence, opening doors to new
possibilities. The adoption of reconfigurable phased array technology in wireless

communication is a strategic move that significantly enhances reliability, efficiency, and
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adaptability. This evolution aligns with and effectively meets the constantly evolving demands
of contemporary communication systems. This study addressed a number of the needs

mentioned above with the main contributions summarised as below.

Initially, the development of a wideband CP circular loop antenna in the 6 GHz band
demonstrated remarkable achievements, with an augmented AR bandwidth exceeding 33%.
The integration of a parasitic loop played a pivotal role in expanding the AR bandwidth,
resulting in left-hand circular polarization radiation. The antenna's structural simplicity,
flexibility in the CP sense, and the utilization of coplanar waveguide (CWP) feeding position
it as a promising candidate for diverse wireless communication applications, especially at
mmWave frequencies. Hence, it becomes imperative to progress to the next phase in designing

the antenna at mmWave frequencies for 5G and B5G communication systems.

A cost-effective, low-profile, single-loop circularly polarized antenna is designed and
fabricated to validate the earlier work, but at the mmWave frequency range. The subsequent
investigation introduced a 4-elements phased array of circular loop antennas designed for CP
radiation. By manipulating the lengths of the transmission line phase shifters, efficient beam
steering within +25° was achieved, demonstrating LHCP radiation at 27.5 GHz with a peak
gain of approximately 11 dBic and a radiation efficiency exceeding 85%. The simplicity and
cost-effectiveness of the proposed phased array configuration were highlighted, making it an
attractive option for practical implementations in satellite and wireless communication
systems. Therefore, it becomes feasible to undertake the development of this design further to
address the challenge of developing the first multifunctional reconfigurable array antenna that
operates in the millimetre-wave frequency range.

As a first step in meeting this challenge, the thesis introduced a novel approach for a
mmWave antenna with hybrid reconfigurability, utilizing planar biasing feeding networks. The
design achieved control over polarization, enabling seamless transitions between LHCP and
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RHCP senses, along with reconfigurable bandwidth in the case of linear polarisation. The
optimised design, featuring strategically aligned PIN diodes and a coplanar strip line integrated
with photonic bandgap sections, exhibited enhanced radiation efficiency. The proposed
antenna introduced good results in terms of CP bandwidth, gain, and efficiency, while also
showcasing the capability of bandwidth reconfigurability for linear polarisation.

A multifunctional reconfigurable mmWave array, capable of modifying both its
polarization and pattern, has been designed and fabricated, marking a significant advancement
in antenna technology. This is based on utilising the polarisation reconfigurable antennas in
combination with a pattern reconfigurability that has been achieved through an enhanced
design of the feed network. The use of 16 PIN diodes as flexible switches and their strategic
placement within the loops and phase shifter gaps allowed precise control over polarisation and
beam steering. The comprehensive approach using coplanar stripline lines demonstrated the
adaptability and versatility of the mmWave array, making a substantial contribution to the field
of reconfigurable antenna technology. The design successfully achieved polarization control,
enabling smooth transitions between LHCP and RHCP, as well as achieving reconfigurable
frequency in the case of linear polarisation. Additionally, the design demonstrated efficient
beam steering within a range of 25 degrees. It total, the multifunctional reconfigurable array
offers six operation modes in the form of three polarisation states at each of the two main beam
directions.

Finally, in a comparative investigation, two distinct dielectric substrates (GaAs and 4H-
SIC) were employed for a circularly polarised loop antenna designed to operate within the Q/V
frequency band. Notably, this study marks the first instance of designing and fabricating an on-
chip millimeter-wave antenna on a 4H-SiC substrate. The results demonstrate that an on-chip
antenna fabricated on a 4H-SiC substrate, characterized by lower dielectric constant and loss

tangent, exhibits the highest gain at 6.5 dBic and an impressive efficiency of approximately
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95.5% in the single antenna configuration compared to GaAs substrate. Consequently, a CP
array antenna, utilising a 4H-SiC substrate in the Q/V band, was successfully manufactured
and assessed. The outcomes are promising, as the on-chip antenna array showcases a notable
gain of around 9.7 dBic coupled with commendable efficiency at 92%. Moreover, the antenna
array achieves left-hand circular polarisation and provides an axial ratio bandwidth of about
4%. Therefore, the attained outcomes pave the path for further advancements in the fabrication

of on-chip antennas, particularly in the context of emerging technologies like 6G.

8.2 Future Work

While this thesis has explored various aspects of phased array antennas, hybrid and
multifunctional reconfigurable antennas, and on-chip antennas, introducing novel designs,
there are still avenues to be further explored and continued in this line of research. The ongoing
exploration of this research domain presents promising opportunities. Some suggested areas

for further investigation include:

Exploring the potential of achieving beam steering in two planes using a square array.
Typically, a phased array enables beam steering in a singular plane, such as $=0° or $=90°,
contingent upon the array axis. The inquiry arises as to whether employing a square array
configuration could extend this capability to facilitate beam steering in two distinct planes.
This investigation is crucial for advancing our understanding of phased array systems and

unlocking additional dimensions of control over beam steering mechanisms.

In addition, the fabrication and testing of an on-chip multifunctional reconfigurable array
represents another timely topic that need to be explored further. The primary objective is to
increase the number of elements within the array, specifically catering to 60 GHz

communication systems. This proposed array will incorporate diodes and switches, all

193



fabricated on the same chip. The rationale behind this integration is to mitigate the challenges
associated with the manual connection of diodes and switches, a task particularly demanding
at the 60 GHz frequency range. The envisioned research aims to streamline the integration
process, enhance efficiency, and contribute to the development of more practical and seamless

60 GHz communication systems.

Although it's improbable to decrease the number of PIN diodes per element, there is a potential
avenue for optimisation in the feed network. It might be feasible to minimize the number of
PIN diodes in the feed network while still achieving the necessary phase shift. One approach
to accomplish this is through the utilisation of digital techniques, allowing for the adjustment
of progressive phase shifts between elements. For instance, employing 4 bits could provide us
with 16 possible phases, offering a means to achieve the desired adjustments in a more
streamlined manner. Furthermore, another possible direction is to use a pixel substrate to steer
the beam, which has been explored in many studies already. However, it would be most
suitable to have such substrate in the same plane as the antenna to reduce the complexity and
have a fully planar structure. However, it is expected that more PIN diodes may be needed to
achieve a wider beam steering range, which will impact the radiation efficiency However, both
of these suggestions are associated with overheads such as the digital control unit in the first
approach and the need for optimisation algorithm in the second suggestion to decide on which
diodes need to be ON for a given beam direction. In addition, a more sophisticated switching

mechanism is needed.
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