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Abstract

Dielectric Resonator Antennas (DRAS) possess several advantageous characteristics,
including high radiation efficiency, wide bandwidth, and compact size, making them versatile
for a range of applications, such as body area networks (BAN). This reseaoduces
innovative millimetre wave (mmWave) DRA designs tailored for ordofly communication
needs. Among these designs are a wideband circularly polarised (CP) rectangular DRA with
dual dielectric layers, enhancing robustness and radiation, and-prdtile CP DRA that
addresses feed alignment challenges through a second ground plane and groove placement.
Besides, a mmWave circularly polarised, wristwatch DRA is proposed as a potential candidate
for off-body applications in the 284GHz frequency rangédditionally, a novel 28 GHz CP
rectangular DRA array has been designed, which exhibits impressive performance metrics,
including a 29% impedance bandwidth, 13% axadio bandwidth, and 13.7 dBic broadside
gain at 28 GHzFurthermore, the study presemtsiovel millimetetwave rectangular DRA
(RDRA) with an omnidirectional pattern. The degenerateBH=21imodes were excited at
28.5 GHz with an overall internal electromagnetic field distribution that was similar to that of
the HEM 1 mode of a cylindrical DRA. A unique feature is the use of a planar feed network
to achieved the omnidirectional radiation, not previously reported. The antenna also supports
multiband operation with diverse radiation patterns for ofdofty communicatiom The
research also introduces innovative millimeateve cylindrical and hemispherical DRAs that
provide broadside and omnidirectional patterns at different frequency bands, using a planar
feed network. It's worth noting that the impact of the human 'bopsesence has been
investigated by using CST. The proposed designs were validated through measurements,

demonstrating good agreement with simulations.
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Chapter 1
| nt rodudtt e n Beawmidesw

1.1 Dielectric Resonator Antenna

The dielectric resonator (DR) term has been given to dielectric materials having the
capacity to resonate at a specific frequency. Dielectric resonators were first delivered in
microwave circuits as oscillators or filters and replaced steel waveguidesaetause of their
sizable advantages when mounted on the pinnacle of a metal ground plane as DRAs radiate
energy effectively and can function as. Moreover, the DR antenna (DRA) performance is
established by proper feed mechanism as well as antennastineand materidll, 2]. DRAs
provide a range o$ignificant benefits. Firstlypossess the unique capability to resonate in
different shapes, allowing for design flexibility and customization. Additionally, DRAs are
lightweight, ensuring ease of integration into compact dewidss. offer temperature stability,
maintaining consistent performance across varying environmental conditions. Furthermore,
DRAs are coseffective, making them an affordable choice for wireless communication
systems. Another advantage lies in the absenoeetdllic losses, which results in enhancing
the radation efficiency[3]. Their efficient energy radiation and dual functionality as both
resonators and antennas contribute to their widespread use in modern electronic[4ystems
Figure %1 illustrates various shapes of DRAs, showcasing the versatility and flexibility in their
design. These design considerations significantly impact the radiation characteristics,
bandwidth, and efficiency of the DRA, allowing for customization and optimizdiased on

specific application requiremerits, 6].



The size of the DRA is determined with respect the to the wavelerigff . wher e,
is the free space wavelength and the choice of dielectric material enables lower conduction
losses in the DRA. These characteristics make the DRA suitable for both microwave and
mmWave applications. Additionally, the DRA stands out due to its ease afafidmn. The
DRA can take on different geometrical shapes, including rectangular, cylindrical, and
hemispherical configurations, each characterized by their unique dimensions. The rectangular
DRA is characterized by three independent geometrical dimensvath (@), length p), and
height @). Similarly, cylindrical and hemispherical DRAs have their respective dimensions.
Various modes can be generated in DRAS, including Transverse Electric and Magnetic (TEM)
mode, Transverse Electric (TE) mode, and Transverse Magnetic (TM) mode. The poopagat

of these modes is mainly influenced by the DRA's excitation, dimensions, medium, and the

point of excitation[7].

Figure1-1 Various geometries of DR antennas.

There are several popularly used feeding mechanisms for DRAs, as demonstrated by
previous research studies. Aperture coupling involves creating an aperture on the ground plane
of the DRA to facilitate electromagnetic energy coup|Big Microstrip-line feed, as presented
in [9] where the suggested DRA is positioned on topnafrostrip line, this technology is
appealing because it is inexpensive and simple to fabricate. Moreover, a circularly fed coplanar

waveguide (CPW) fed stacked dielectric resonator antenna for use with wireless local area

o~



networks to facilitate internet accg4€]. Coaxiatprobe feed, where in order to bring proper
impedancenatching the coaxial cable height varied and appropriately fine as expl¢tdd. in
Additionally, a rectangular waveguide has been investigated asladswxcitation scheme, as
reported in[12]. These various feeding mechanisms offer different advantages and
characteristics, providing options for designers to choose the most suitable method based on
their specific requirements, such as desired radiation patterns, impedance matching, and ease of

implementation.

1.2 Overview of Body Centric Networks (BCN) Applications

In recent years, there has been a growing interest in BCN, as evidenced by numerous
studies focusing on systems and devices for various applications including personal
entertainment, defense, security, gaming, and healtfic3jteTable 11 provides examples of
onbody devices along with their respective applicatiphd]. These advancements highlight
the increasing significance of bodgntric wireless communication technologies and their

potential to revolutionize diverse sexsto

Table1-1 Applications of orbody devices[14]

Field Applications

Health Care Wearable Thermometer/Breast Cancer Detection/ Oxim

Wearable Doppler Unit/ GPS tracker/Endoscopy/Glucose monit

Security and Rescugq Life Jacket/ Helmet/ Rain coat/ Trackersskoes/Fitness bands

Entertainment LED dress/ Smart watches/ intelligent shoes

Body-centric wireless communications encompass the utilization of implantable and

wearable wireless devices, facilitating hursaif and humaio-human systems. This field



combines various wireless network concepts, including wirelessdradynetworks (WBAN),
wireless personal area networks (WPAN), and wireless sensor networks [V8ENDff-body

links refer to connections between external nodes located away from the human body and nodes
positioned on the human body. Conversely:body links involve the reception and
transmission of signals along the surface of the human[tié{lyThese distinctions are crucial

in understanding the different modes of communications within-bedyric wireless systems.

1.2.1 Millimetre-waveon body and off body communicati or

Millimeter-wave (mmWave) communication has gained significant attention due to its
potential to revolutionize wireless communication systems. The need for mmWave
communication in ofbody and offbody scenarios arises from the demand for high data rates,
low latency, and increased connectivity in emerging applications like wearable devices,
healthcare monitoring, 10T, and beyoriMillimeter-wave (mmWave) technology refers to
wireless communications that operate within the frequency range of 30 GHz to 300 GHz
encompassing wavelengths spanning from 10 to 1 millinieTel 8] At these frequencies, the
available bandwidth is significantly wider compared to lower frequency bands. This wide
bandwidth allows for the transmission of large amounts of data, enablingspagh
communication crucial for applications that requireteak data transfer, such as healthcare
monitoring or augmented reality systeraad can facilitate the development of rtxbody
sensor systems equipped with specialized antdth@hsrhese systems have wide applications
in the healthcare sector, enabling communications, monitoring, and energy assembly and
storagdq20]. Off/onbody wireless communications have emerged as aexplbred research
field with a multitude of applications, developments, and studies. However, operating such
systems in the mmWave frequency band presents unique opportunities and challenges.

Notably, themmWave band allows for the development of compact antennas specifically



suited foroff/on-body communication$21]. These antennas offer advantages such as reduced
interference and the potential for higher data rates. The mmWave band presents a promising
avenue for advancing netd-body technologies, providing improved performance, and
expanding the possibilities fageamless wireless communication in healthcare and other
domains[22]. Dielectric Resonator Antennas (DRASs) play a pivotal role in facilitating
mmWave communication due to their unique characteristics and advantages over other antenna
types in these applications. DRAs operate based on the principle of resonance within a
dielectric material, typically a ceramic or composite structure. Their design allows for efficient
transmission and reception of mmWave sigrjals23]. DRAs offer several advantages in
millimeter-wave applications. Their compact design allows seamless integration into small
devices like wearables or sensors without sacrificing performance. With high radiation
efficiency at mmWave frequencigd. DRAs ensure minimal signal loss during transmission.
Their low-profile nature is essential for dorody applications where space is at a premium.
Additionally, the ability to tailor DRAs to specific frequencies within the mmWave spectrum
offers flexibility in designing communication systems for diverse applications. Moreover, their
robustness against interference from surrounding objects or the human body makes DRAs

particularly suitable for otvody communication scenari{#st].

Millimeter-wave Dielectric Resonator Antennas (DRAs) have uniquely tackled
challenges in on/ofbody communication by enabling miniaturization crucial for wearable
devices without compromising efficiency, mitigating signal attenuation caused by the human
body or surrounding obstacles, and offering prefile designs with directional capabilities,
ensuring reliable links in ehody scenarios. Their adaptability across various frequencies
within the mmWave spectrum allows for flexibility in meeting speciéipplication

requirements and regulatory standards, while their seamless integration into devices maintains



high performance, addressing the complex demands of dddff communication systems,

ultimately enhancing reliability and signal integrity in these challenging environments.

1.2.2 Next-to-Body Devices in the Era of 5G.

The inclusion of higher frequency spectra in the millimeter wave-{Mnirequency
range has been considered due to the demand fospagtd data rates and the limited available
spectrum[25]. This necessitates a paradigm shift in component design, new communication
architectures, and unique models for mmWave propagation tailored specifically faonext
body devices. Additionally, blockages and increased propagation path losses in the mmWave
range require the organization of cells into smaller maetis and picecells, accommodating
the integration of machinype and nexto-body devices into the current realm of tablets and
smartphones. Exciting developments are expected in terms ofralaséet growth, potential
core network virtualization at cell edges, and advancements in the Internet of Things (loT),
creating a dense system of interconnected devj2é$ Nextto-body devices offer
increasingly attractive solutions across various domains, from consumer electronics to medical
and military applicationsThese deviceare also set to play a crucial role in the upcoming-fifth
generation (5G) systems. These systems aim to achieve lower outage probabilities and higher
bit rates in smaller micro and pico cells, covering larger areas than the-demehation (4G)
networks.Furthermore, beamforming and beam configurability are expected to ensure spectral
and enayy efficiencies at both base station and smartphone levels, overcoming the limitations
of current 4G systenj27-29]. The integration of nextb-body devices into 5G networks holds
great promise for enhanced connectivity, improved performance, and expanded capabilities in

future wireless communication systems.



1.2.3 Interaction between the Antennas and Human Body

To ensure compatibility with the human body shape, BCN antennas require small size,
low profile, and lightweight characteristics. Flexibility, wide bandwidth, and high gain are also
necessary for the mmWave operation to meet the demands of high dgtz0jatedditionally,
low energy consumption is a crucial considerafi]. Furthermore, the impact of the human
presence on such antennas needs to be characterized to ensure optimal performance.
Electromagnetic distortions can occur due to absorptions in the lossy tissues of the human body
and scattering/reflections from thedyosurfacd32]. Therefore, a comprehensive evaluation
of the interaction between wearable antennas and the human body is essential for efficient BCN
structures. The presence of a complete ground plane beneath the antenna can minimize
interaction with the human body, tieby avoiding significant performance degradafi@aj.

It is advisable to establish criteria for selecting an appropriate shape for the ground plane, which

can enhance antenna robustness against random variations in tha4jody

Additional important key to evaluate the antenna performance is testing the antenna near
to the human body, where it has been found that when the antenna is flat, bent, or placed close
to the chest, arm, or stomach of a human, it still retains a grearghefficiency of over 70%

[35]. Moreover, the lower edge frequency of the operating band shifts from 2.27 GHz in free
space to 2.29, 2.31, and 2.34 GHz on the chest, leg, and arm, resp¢8@yefurthermore,

the distance between the antenna and the human tissue need to be taken into account when test
the antenna, where it has been observed that, the antenna worked well when placed at a distance
of 1 to 6 mm from the surface of the human bodyusating common bodynounted settings,

despite experiencing detuning, pattern degradation, and a loss in efficiencybwdyn
locations with an antenrAaody gap of O and 1 mf87]. Hence, it can be noted that testing the
antenna in different parts of the human body shows almost the same result with a small shift in

the resonance frequencies, therefore, the test of the antenna can be done either in one part of



the human body or different parts. In terms of the distance between the proposed antennas and
Investigations into the impact of the human body on Dielectric Resonator Antennas (DRAS)
involve experimental setups where DRAs were simulated alongside three layers of the
equivalent human body. Positioned at varying distances from the antenna, thes® mode
simulate realvorld scenarios to analyze the antenna's performance metrics like radiation
patterns, impedance, and efficiency. Findings reveal that the huoth's lpresence near

DRAs causes a small signal attenuation. Such investigations inform strategies for mitigating
these effects, ensuring optimal DRA performance wbody communication systems despite

the presence of the human body.

1.2.4 Specific Absorption Rate (SAR)

SAR is a critical parameter used for evaluating the exposure risk to microwaves and radio
frequencie$38]. Researchers and engineers are consistently concerned about the health effects
of radiation and the energy absorbed by the human body. Wireless devices have been subjected
to SAR evaluation39]. The SAR varies across different frequencies due to the varying
dielectric constants of tissues. SAR values are typically expressed in watts per kilogram (W/kg)
for either 1g or 10g of tissue. Two widely used SAR limit methods are those defined by IEEE,
which specifies a limit of 1.6W/kg for any 1g of tissue, and International Commission en Non
lonizing Radiation Protection (ICNIRP), which sets a limit of 2W/kg for any 10g of t{3Sie
In the context of ofbody antennas, it is important to note that more investigation and attention
are needed regarding the SAR. Array antennas, with their strong fields, can result in SAR
values that exceed the recommended Il This highlights the need for further research

and measures to address SAR concerns associated vigdgrantennas.



SAR represents the rate at which radio frequency energy is absorbed by the human body tissue
[41], which determines the absorbed energy per mass unit according to the following equation

[42].

o/C
312, 2ome
where Eis the strength of the incident electric fields the tissue's mass density in ké/and

0 is the tissue's conductivity in S/ m.

The specific absorption rate needs to be evaluated to ensure that it is lower than the
recommended safety threshold limit according to the Federal Communications Commission
(FCC) and ICNIRP standards. However, it is important to note that these SAR rpsdaie
defined for frequencies up to 10 GHz and 6 GHz for the FCC and ICNIRP, respectively, and
have not yet been released for higher frequencies. Sincdieldagxposure at mmWaves has
only became a concern in recent years, these guidelines do matgffdosimetric information
or suggestions that could be applied to #fedd exposure at mmWav¢41-43]. However, it
is still important to calculate the SAR since the antenna operates next to the human body.
According to[41, 42, 44] at 28 GHz, the used space between the antenna and the human body
can be maintained at 5 mm with the recommended input powers of 15 dBm, 18 dBm, or 20

dBm.

1.3 Body-Centric Antennas

1.3.1 Textile Body-Centric Antennas.

Due to the desirable features of textile materials such as flexibility, wash ability, and
costeffectiveness, there has been a growing interest in their utilization in wearable and Body
Area Network (BAN) applicationgt5]. Numerous studies have been conducted on wearable

textile antennas within BAN as offer flexibility and can be seamlessly integrated into clothing



[45-49]. For instance, microstrip antennas designed for wearable applications have been
developed using electric textiles and copper conductive components, with fabric substrate
materials made from jeans cottptb, 46] A textile endfire array operating at 60 GHz has
been proposed for wireless BAN, while the Yalgla antenna has been studied using an
equivalent tissue model representing the human body. The textile substrate's permittivity has
been characterized, renfy in maximum measured dwody gain and efficiency of 11.9 dBi

and 48.0%, respectively, when the antenna operates within t6¢ &Hz frequency range

[47]. In another study focusing on the Industrial, Scientific, and Medical (ISM)
communications range of 2.45 GHz to 6 GHz, a rhdind miniature patch antenna has been
proposed using various electextile substrate$48]. The antenna incorporates asfiaped

slot, with the silk substrate exhibiting a minimum reflection coefficient and an impedance
bandwidth of 4.8% at the cost of a specific absorption rate of 32 Peak/flg [MW8kg
Additionally, a miniature wearable 2.5 GHz antenna has been suggested, fully implemented
using textile materials. The antenna demonstrates @fi@ee gain of 4.2 dBi, reduced to 3.8

dBi in the onbody scenario. The achieved impedance matching bandnadéhd.8% in free
space and 5.1% dmody [49]. Another study proposed a small ground plane as the main
radiator, employing a flexible felt substrate with a permittivity of 1.2. The fabricated antenna
offers a wide impedance bandwidth of 20% and remains matched when worn on the body.
However, the freepace gain decreases from 1.6 dBi to 1.2 dBi when placdmbdy due to
human tissue loss¢S0]. In medical applications, a microstrip rectangular patch antenna has
been proposed utilizing different textiles as substrates with varying dielectric corSfignts
Furthermore, an Ultr&Videband (UWB) antenna has been designed using textile materials for
both the substrate and conducting components. The proposed antenna meets the requirements
of wide bandwidth, flexibility, wash ability, and compact size. The miadiation

characteristics of the antenna design have been preg@&@edOverall, textile materials

10



enhance the antenna's impedance bandwidth and provide a low dielectric constant, reducing
surface wave loss¢s3]. However, the electromagnetic properties of textiles are influenced by
factors such as water exchange with the surroundings, compressibility, density changes under
low pressures, porosity, and anisotrdpy]. To mitigate undesired effects, it is crucial to

understand how these characteristics impact the antenna's behaviour.

1.3.2 Non-textile Body-Centric Antennas

Millimeter-wave reconfigurable antennas are considered the future ofjee&tation
wireless systems. In the context of 5G networks, a coplanar waveguide (CPW3lieged
millimeter-wave antenna has been proposed by incorporating two variable rediséors,
resonant frequency is adjusted to achieve matching within the frequency rang29s23
[55]. Another study introduces a wearable CPW fed antenna backed by a 3 x 3 cell Flexible
Fract al El ectromagnetic Bandgap (EBG) sur f a
bandwidth and gain by 40% and 3 dB, respectively. The measured realized gain arnithout
with EBG on different human body parts are: 7.8 dBi on the chest, 8.1 dBi on the forearm, and
8 dBi on the thigh at 24 GH56]. In another research, a flexible circuit board is utilized for
millimeter-wave bodycentric applications, with an overall antenna size of 14 x 10.5 x 1.15
mnr. The effects of three key elements, namely the feed gap length, the thickness of the air
substrate, and the rectangular loop (RL) thickness are investigated to enhance the antenna's
performance. The antenna achieves a gain of 12.1 dBody and 10.6 dBoff-body, with a
bandwidth of 9.8 GHz. Performance evaluation using a realistic numerical phanto
demonstrates excellent performance when the antenna is positioned at a distance of 6 mm from
the human body surface. The efficiency experiences a slight drogbatigrdistances of 0 and
1 mm[37]. Additionally, 3D printing has been demonstrated for the fabrication of conformal

on-body antennas for various wrsbrn wireless telecommunications. The process involves

11



painting metallic layers and utilizing a single machine to fabricate both the bracelet and the

metallic layer, employing a multistep appro4sH].

1.3.3 Circular Polarised Body-Centric Antennas

The polarisation of the transmitted antenna is determined by the orientation of the electric
field of the electromagnetic plane wave. There are three main types of polarisation: linear,
elliptical, and circular. Circular polarisation can be further divided righthand circular
polarisation (RHCP) and leftand circular polarisation (LHCP). In RHCP, the thumb points
in the direction of wave propagation, while the curled fingers indicate the direction of
polarization. LHCP, on the other hand, representsftahand circular rotation, which is

counterclockwise[58].

Linearly polarised antennas are commonly utilized in BANs due to their ease of design
and fabrication compared to circularly polarized antefp@s However, it is acknowledged
that circular polarisation provides a more flexible orientation between transmitting and receiving
antennas compared to linear polarization. Nevertheless, designing wideband CP antennas that
achieve wide axial ratio and imped# bandwidths simultaneously presents a chall@@je
A novel CP textile antenna has been developed, demonstratidg axdalratio CP bandwidth
of approximately 3%461]. In another studyfor body-centric communications, a flexible
circularly polarised textile antenna and its conformal antenna array (WCAA) are discussed.
The results show an antenna peak gain of 8.5 dBi, a measured bandwidth of 35.1%, and a
bandwidth of 17.5% at a 3 dB axratio[62]. In the 2.4 GHZndustrial, Scientific, and Medical
(ISM) band, a small circularly polarised filtering antenna achieves an axial ratio of 3 dB, >3.5
dBi gain, and-10 dB return loss. It keeps these qualities close to the body, which makes it

perfect for offbody communicatiorf63]. Another ISM band design is a compact circularly

12



polarised offbody antenna that operates in the b6L63 GHz frequency, the proposed antenna

has a higkpermittivity substrate reflector for effody radiation and is coplanar waveguide

fed. It achieves steady radiation, 90% efficiency, a peak gain afdB&, and a specific
absorption rate (SAR) of 0.131 W[@4]. Furthermore, a compact CP-designed filtering
antenna has been reported. This design achieves an axial ratio of less than 3 dB and a gain
exceeding 5.2 dBi over a bandwidth of approximately 12.2%, wittDadB S1 bandwidth

ranging from 3.77 to 4.26 GHz. The radiation properties and stable impedance of the antenna

design have been considered when mounted on various positions of the humg@bhody

134 Chall enges in on/off body communicati on
DRAs.

In the realm of bodgentric networks, extensive research has been conducted on
microstrip antennas. However, microstrip antennas come with certain limitations. One notable
drawback is their narrow bandwidth, which can restrict their performance in dynamic
environments. Additionally, its require mounting on less vulnerable parts of the body to avoid
issues related to bending and wrinkling. Consequently, exploring alternative options becomes
crucial. In this context, DRAs have emerged as a promising altexrjé6]. Because the
Dielectric Resonator Antenna (DRA) consists entirely of dielectric material, it can achieve
minimal losses even when operating at millimst@ve frequencies, resulting in remarkably
high radiation efficiency. These desirable characteristicstipn the DRA as an excellent
choice for contemporary wireless systef6d]. DRAs offer wider bandwidth, increased
robustness against body movements, and the flexibility to be mounted on various parts of the
body. Investigating the potential of DRAs within becsntric networks, can overcome the
limitations associated with microgt antennas and unlock new possibilities for efficient and

reliable wireless communication in wearable devices aruboly application$68].
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1.3.5 Body-Centric Dielectric ResonatorAntenna

DRAs have garnered attention in the field of BAN and have been the subject of several
studies. One such study proposes and implements a textile wearable broadbafG® DRA
another investigation, a DRA is introduced in the form of a wearable button structure, utilizing
a microstrip feed on an FR4 substrat@]. Additionally, a compact DRA with a fodine feed
for excitation is proposed, resulting in an impedance bandwidth of 11.7% and an AR bandwidth
of 3.9% accompanied by a gain of 8.6 dBit]. Another compact circularly polarised DRA is
suggested, exhibiting respective impedance and AR bandwidths of 66% and 15% in free space.
When positioned next to the human body, a ground plane is employed between the antenna and
the body[72]. Furthermore, a wearable CP DRA operating in the T&igherorder mode is
reported for offobody communications, demonstrating respective impedance and AR
bandwidths of 20.7% and 9.6M8]. In [73] a mmWave circularly polarized DRA is proposed
as a wristwatch, exciting the resonance modes afzldhd This at 25 GHz and 29 GHz,
respectively, in free space. However, when placed on the equivalent wrist, only itiae TE
resonance mode is excited at 27.5 GHz. Higitder mode DRA operation offers higher gain
at the expense of a narrow bandwidth, which can be addressed through the utilization of a
multilayer structurg¢74]. By incorporating a dielectric coating layer with a relative permittivity
o fr, dlransition region is created between the DRA and free space, significantly enhancing

the radiation characteristi¢s4].

Moreover, the designed antenna is supposed to act as a button placed at the shoulders. The
antenna/body interaction has been studied by comparing the performance cbibdydfRA
with the onrbody counterpart that was placed on a rectangular phantonmuvithn dielectric

properties. A gain of 5.4 dBi has been accomplished at 5.8 GHz fboayn DRA [75].
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Furthermore, a broadband DRA has been proposed for medical applications, where the antenna
size has been minimized by incorporating a planar conductive wall as well as-aagoitgnt
dielectric. The antenna has achieved matching over a frequency rahg®af GHz[76]. An
alternative study a skéed DRA with a modified Ishaped feed line at different resonant modes

[77]. The antenna achieved matching from 1667 GHz with a gain of 8.7 dBA number of

studies have been published that address the DRA conformability with respect to the human
body. As an example, a curved ground plane with conformal convex and concave DRA has been
proposed78]. In order to avoid performance degradation, analysis of the watclikand
substrate has been considered and user effects were invegii§ht€he of the main concerns

of using mmWave DRAs is the assembly and bonding of the antenna to the feed network. In

this article, a grooved ground plane has been utilized to address thi8@sue

1.3.6 Body-Centric Array Antenna.

A screen printing was utilized on a flexible substrate to ensure lower costs as well as
compatibility with wearable devices, where an optimised 77 GHz array has been demonstrated
with a high gain of 11.2 dBi, and to protect the antenna from human bo@sg lassicrostrip
patch antenna has been utilized due to the presence of a ground plane. The antenna array has
three independent beams where it has performed in flat and flexed conditions to detect objects
moving in three different directior{81]. An alternative design of a finger ring antenna has
been proposed ifB2] as a circular phased antenna array for 28 GHz 5G communication
systems. The design has been tested in free space and on phantom handoBgrresults
the realized gain of 5 dBi has been observed with impedance bandwidth around 3.5%.
Furthermore, several studies have been reported on CP radiating elements such as printed
antennag83] as well as sequentially rotated CP DRA ar{8%]. Furthermore, &haped
monopoles have been utilized in a MIMO antenna with wideband impedance and CP

bandwidthg85]. In [86] a dual polarised, multiband foport decagon shaped flexible MIMO
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antenna has been proposed. Another MIMO antenna with wideband impedance and circular
polarisation bandwidths has been proposed8ifi. Moreover, various publications have
examined the effectiveness of cradst feeding to achieve CP radiation by exciting two
degenerate DRA resonance modes with equal amplitudes and 90° phase difference with a wide

CP bandwidtl73, 88, 89]

1.4 Millimetre -wave DRA Arrays

Dielectric resonator antennas have undergone extensive research over the recent decades
[90, 91] Therefore, DRASs represent ideal candidates for wireless communication systems,
especially those that operate in the mmWave band. Traditional microstrip antennas, on the other
hand, exhibit substantial surfaseve and ohmic losses at high frequencieschvbdrastically
deteriorate the radiation efficien¢92, 93] MmWave DRA arrays' have been utilized in a
number of research studif3?, 9499]. For example, a 2 x 2 DRA array has been fabricated
using the substrate integrated technology with a gain of 12.7 dBic together with impedance and
CP bandwidths of 16.4% and 1.1%, respectij@®}. An aperturecoupled 2x2 DRA array has
been reported when each cylindrical DRA element operates in #e resonance mode,
which leads to a gain of 11.43 dBi as well as an impedance bandwidth ¢82p% addition,
a monolithic polymebased DRA array has been proposed using four elements with a realized
broadside gain of 10.5 dBi and stable radiation patterns at 60 GHz along with an impedance
bandwidth of 129495]. Another study has proposed a 1x8 elements grid dielectric resonator
antenna array that has a measured impedance bandwidth of 18.3% and a broadside gain of 12
dBi [96]. Moreover, a 2x2 circularly polarized DRA array has been reported at an operating
frequency of 30 GHz and a maximum gain of 9.5 dBic with respective impedance and axial
ratio bandwidths of 33% and 5p@7]. In order to easily align the individual array elements, a

grooved and grounded superstrate has been utilized for a 16 cylindrical DRAs array with
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measured impedance bandwidth of 9.8% and a maximum gain of 15.68 dBi at 28.[@B{zHz
Furthermore, it has been demonstrated that when the DRA elements are joined using dielectric
arms, for alignment purposes, the achieved impedance bandwidth and gain are 31% and 9.8 dBi,
respectively[99]. From the literature, it can be noted that the highest achieved gain of a
mmWave DRA array is 15.68 dBi using 16 linearly polarized DRA elenié8is However,

the increased number of elements is associated with larger antenna size as well as complex feed
network. Therefore, arrays of 4 circularly polarized DRA elements address these limitations,
albeit with a lower gaif92, 94, 97] As a result, a compact array with the advantages of higher
gain and wider CP bandwidth would be beneficial and has not been reported earlier at the

considered frequency range.

1.5 Multi Band and Omnidirectional Pattern

Over recent years, the evolution of mm Wave communication systems has led to more
rigorous requirements for antenna designs such as high gain, wide anrtlandlbperation
as well as pattern diversity. DRAs have the potential of addressing these reqtsréueeto
well-known advantages such as high radiation efficiency, wide impedance bandwidth and
design flexibility. Therefore, mmWave DRAs received an increased research interest with
focus on broadside radiatigini4, 106102]. On the other hand, omnidirectional radiation is
desired for 5G and Beyond 5G (B5G) communication systems to increase the coverage area
in various applications such as-bady communications as well as devioadevice short
distance communicatiorj$03]. Therefore, several studies have been reported on the design
of mmWave omnidirectional antennfi4, 105] However, an omnidirectional mmWave
DRA has not been reported earlier, which is in sharp contrast with the numerous published

studies on the design of omnidirectional DRAs at lower frequencies with focus on exciting
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specific transverse magnetic (TM) and transverse electric (TE) modes to achieve the required
pattern.

For example,an omnidirectional cylindrical DRA was proposed by exciting the
4 % and4 - resonance modes at 3.87 GHz and 4.02 GHz, respectively, using a central
coaxial probe feed106]. Besides, a muHband multisense circularly polarized hybrid
patch/DRA omnidirectional antenna was reported by exciting the and4 -  resonance
modes for the patch at 2 GHz and DRA at 2.6 GHz, respecM&ly. In a more recent study,
wideband filtering omnidirectional cylindrical DRA has been presented using a hybrid feed
that consists of coaxial probe and metallic disk to excitedthe and4 - DRA
resonance modes at 2.19 GHz and 3.37 GHz, respedt\ddy Further, a coaxial probed
omnidirectional hemispherical DRA was proposed by excttiegt -  resonance mode at
3.7 GHz[109]. Another probded omnidirectional hemispherical DRA was designed for
wireless capsule endoscope system by excitingtthe and4 % resonance modes for
multi polarization at 2.45 GHEL10]. Moreover, a probéd omnidirectional rectangular
DRA with a square cross section has been designed by exciting tha ylilasmode at 2.4
GHz for linear and circular polarizatiofis11]. Furthermore, innovative rectangular multi
function glass DRAs were reported with the capability of achieving linearly and circularly
polarized omnidirectional radiation patterns by exciting the ¢Ullkii; mode at 2.4 GHz
[112]. Similarly, the higheorder degenerate % and4 % modes have been excited at 3.6
GHz, with equal amplitude and phase, to achieve omnidirectional radiation from a rectangular
DRA[113, 114] Subsequently, a multi band prefteel omnidirectional rectangular DRA was
proposed, where the % and4 % resonance modes were excited at 3.5 GHz together with
the4 % and4 % resonance modes at 5.8 GH14].

It should be noted that in all the abewentioned studies, omnidirectional radiation has

been attained using a centrally located coaxial feeplinge to excite the required resonance
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modes. On the other hand, owing to their capability of supporting various type of modes when
placed above a ground plane, cylindrical DRAs have successfully been utilized recently with
planar feed networks to achieve omnidirectional radiation patterns.ekample, an
omnidirectional cylindrical DRA with a planar feed of shorted microstrip cross has been
demonstrated by exciting te-  and4 - resonance modes at ~2.4 GHz to achieve
circular polarization diversitj115]. The first attempt to utilize a ring slot aperture to feed an
omnidirectional cylindrical DRA was proposed by excitingdhe fundamental resonance
mode at 2.4 GHL16]. Furthermore, a pattern diversity cylindrical DRA has been proposed
using a meander linaded annular slot to excite the FMmode in combination with a
differential strip to excite the HEM for omnidirectional and broadside radiations,
respectively, at 2.4 GHA17]. Moreover, four linear stubs have been utilized to excite the

4 - and4 - resonance modes of omnidirectional cylindrical DRA to achieve circular
polarization at 5.8 GHEL18]. In a more recent study, arcaegerture feeding was employed

in the design of a wideband omnidirectional cylindrical DRA by merging the bandwidth of

the excited TM 1 and TMW 2 kesonance modes at ~ 5.8 GHi29].

1.6 Definition of the ResearchProblem

The large size of a DRA poses a challenge for theibady use at lower frequencies.
However, this limitation can be overcome at mmWave frequencies, where the smaller
wavelength allows for more practical antenna designs. In addition, circular polarisation
usually adopted to address orientation issues that can arise with linearly polarised antennas. To
mitigate challenges related to body presence and mechanical deformations, the complete ground
plane is carried out. Simulation techniques are employedplre various shapes, including
planar and conformal configurations, aiming to enhance antenna performance while maintaining

a low profile. Additionally, alignment plays a crucial role at mmWave frequencies, and several
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techniques are proposed to address this issue. Moreover, Since the simulated results on the
equivalent human tissue closely match those obtained in free space with a separation distance
between 1 mm to 5 mm, all measurements were conducted in a freeesp@oament. This
research contributes to the design of mmWave antennas suitable for bothbotfon
applications, incorporating desirable features such as low profile, high gain, wide bandwidth,
and flexible orientation. Furthermore, an omnidirectional\Wave DRA of any shape has not

been reported previously, due to the obstacle of using the coakial feed in the higher
frequencies, a planar feed network with a ring slot was used to overcome this problem for the

first time in this study.

1.7 The Goals and Objectives of the Thesis

The main objective of this project is to explore innovative designs of a DRA that exhibit
enhanced performance for mmWave offhmdy applications. In order to accomplish this

primary goal, specific objectives have been established:

1 Introduce innovative designs of singleement rectangular DRA$or off-body
applications

1 Enhance the gain of the rectangular DRA by increasing the number oh&deméhe
arrayconfiguration.

1 For onbody in particular the signal needs to travel along the surface of the human body,
hence the omnidirectional is needed, explore novel methods to excite the DRA and
achieve an omnidirectional radiation pattern, as the traditional probe feeder is
impractical mm wave.

1 Achieve both broadside and omnidirectional radiation patterns in a single design by
incorporating multiple bands. This eliminates the need for a reconfigurable design, as

the desired radiation patterns can be achieved without any adjustments or maakficatio
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1.8 Research Contributions

This research not only delves into the impact of the human body on Dielectric Resonator
Antennas (DRAs) for on/offbody communication but also introduces innovative designs to
enhance their performance. These designs encompass coated rectangular DRAsURRAS
on grooved ground planes, and wristwatch DRAs, all aiming to broaden impedance and axial
ratio bandwidths while maintaining high gain within a reduced antenna profile. Moreover, this
study explores techniques to improve gain by employing arrafigcoations with multiple
elements, ensuring stable high gain across most of the antenna's impedance bandwidth.
Additionally, the research investigates unconventional methods to excite DRAs for achieving
omnidirectional radiation patterns, a challengeipalarly pertinent in mmWave applications
where traditional probe feeders are impractical. The incorporation of multiple bands in a single
design facilitates both broadside and omnidirectional radiation patterns without necessitating
reconfigurable design offering versatility in achieving desired radiation patterns without
requiring adjustments or modifications. These advancements collectively propel the field
forward by not only understanding the interaction of DRAs with the human body but also by
introducing innovative designs that optimize their performance for ebéufyy communication

in millimeterwave scenarios.

1.9 ThesisOutline
The thesis comprises six Chapters, outlined as follows:

Chapter 1. The first chapter of the thesis provides an introduction, literature review, and an

overview of the research contribution. It also outlines the layout and structure of the thesis.
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Chapter 2: Explore and analyze various designs o$ilagleelement rectangular DRA to
optimise their performance and efficiency for reliable wireless communication -lmodyf

scenarios. The simulated and measured results exhibit strong conformity.

Chapter 3: Investigating and analyzing the rectangular DRA array to enhance gain while
maintaining a low profile for ofbody applications with CP radiation and high gain. Good

agreement between simulated and experimental results.

Chapter 4: Presents a mutband mmWave DRA designed for offdmody communications.
The antenna achieves broadside and omnidirectional radiation using a-fe&har
configuration, allowing for reliable wireless communication across multiple frequency bands.

The pratical measurements validate and support the simulation results obtained.

Chapter 5: Presents a dudland mmWave Cylindrical and Hemispherical DRAs designed for
off/on-body communication®A closeagreement has been achieved between the measurement

and simulation results.

Chapter 6: Presenting the key conclusions drawn from the research and offering suggestions

for future work that can build upon the findings.
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Chapter 2

Lowrofile Circularly P
Di el ectri c ResornammWa VAe
Of-Body Applications.

2.1 Introduction.

In the fastgrowing field of offbody communications, the need for higérformance
antennas operating in millimeterave (mmWave) frequency bands has grown significantly.
These antennas play an important role in enabling efficient wireless communitatiaesn
various offbody device$120, 121] In the framework of ofbody communications, novel and
new designs of a loygrofile wide bandwidth circularly polased DRA have been proposed for
mmWave applications. It is welinown that circularly polarized antennas offer various benefits,
including eliminating the need for alignment between transmitting and receiving antennas, thus
providing orientation independenceeduced fading, improved coverage, less interference,
smaller form factors, and simplified integration. These advantages ensure ngéebrmance
and user safety{122]. The aim of the proposed antenna designs is to address the challenges
associated with ofbody communications. The leprofile ensures compactness and aesthetic
appeal, making it suitable for integration into wearable devices or othoayf applications.
Additionally, the antenna's wide bandwidth capability allows communication across a range of
mmWave frequencies, enabling compatibility with different systems and standards. Besides,
higher gains increase the communication distance. By harnessingdhe properties of the
proposed designs, enhanced connectivity and efficiency in varic®ayjf scenarios can be
achieved, thereby facilitating the advancement of wireless communication technologies in this
domain.The first part of this thesis is focused on the design of efficierbarffy mmWave

antennas. Therefore, this Chapter presents three different designsbotipffectangular
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DRAs. The first proposed antenna is atlagered rectangular DRA operating at 24 GHz. The
second design ia rectangular DRA with a grooved ground plane, for easy alignment and

assembly at 28GHz-inally, a wristwatch mmWave DRAhe chapter review is illustrated in

Figure 21.
Millimeter-wave DRA for off
body communications
A \ 4
Two layered DRA DRA with Groove ground Wristwatch DRA

plane

Figure2-1 Chapter review.

2.1.1 Dielectric Waveguide Mode

DWM typically stands for Dielectric Waveguide Mode, a fundamental concept in
electromagnetics and waveguide theory. In a dielectric waveguide, electromagnetic waves
propagate through a dielectric medium, guided by the structure's geometry. Dielectric
wavegiides often consist of a core material with a different dielectric constant surrounded by
another material. These guides can transmit waves at microwave or optical frequencies,
employed in various communication systems and deit28]. TE Modes (Transverse
Electric): In TE modes, the electric field component is entirely transverse (perpendicular) to the
direction of propagation and the waveguide's axis. The subscript abc refers to the mode numbers
denoting the variation of the electrommagjc field along the crossectional axes of the
waveguide. For example, T&epresents a mode with a single hatve variation along one
axis and no variation along the other. TM Modes (Transverse Magnetic) TM modes feature a
magnetic field componerthat is entirely transverse to the direction of propagation and the
waveguide's axis. Similar to TE modes, TM modes are characterized by mode numbers denoting

variations of the electromagnetic field along the ciesdional axes of the waveguide. The
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orientations of these modes within a waveguide can be illustrated by considering the orientations
of the electric and magnetic fields concerning the waveguide's axis. In TE modes, the electric
field doesn't have a component along the direction of propaggiarallel to the waveguide

axis), while in TM modes, the magnetic field lacks a component along the waveguide's axis

[124, 125]

2.2 Supported Modes of a Rectangular DRA.

In terms of the rectangular DRA, the transverse magnetic (TM) mode cannot be excited
when the RDRA is mounted on the ground plane. This is due to the fact that the, TM, modes
require the E field to be maximum at= 0, which conflicts with the boundary conditions.
Additionally, the DRA's size and permittivity affect each TE and TM mode's resonance

frequency. Figur@-2, illustrates a rectangular DRA placed on a ground plane.

V Ground pfane__,-"".l

Figure2-2 The rectangular DRA placed on the ground plane.

The dielectric waveguide model DWM canutéized in order to calculate the resonance

frequency of Tnp modes of single DRAL26].
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Moreover, the magnetic field distribution of the RDRA can be expressed with respect to
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Il n order to investigate t he onethefresonanceo f t h

frequencies of theno d equation (2.6) was solved numerically using MATLAB. Examples
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were listed in Tabl@-1 and compared with CST simulations and the Eigenmode solver of an

excited DRA. It is worth noting that the calculated resonance frequencies show slight

differences compared to the simulated frequencies due to the presenceeefithetivork in

the simulations.

Table2-1 Dielectric constant and rectangular DRA dimensions' effects on modes

RDRA size e fo GHz fo GHz fo GHz Eigen Resonance
(mm?3) (MATLAB) Simulated mode solver mode
4x4x5 10 26.6 27 26.63 TE115
5x5x6 12 26.8 27 26.686 TE117
8x5x4 15 34.3 35 34.2369 TEiss

To demonstrate the significance of the volume of the DRA on the resonance mode, where
larger dimensions result in the excitation of higher modes. As shown in Z-@bler a given
resonance frequency, the DRA dimensions need to be larger to excite aohdgrenode. For
instance, the volume of a DRA stimulated in theithEnode is 7.34 times larger than the
volumes required for exciting the T&zmode and 1.8 times larger than the volume needed for

exciting the Tki7 mode, with a permittivity of 9.9 inllghree examples

Table2-2 Rectangular DRAs of various dimensions functioning in the resonance modeg #fTHz:7, and
TEu10

The RDRA size (mm) TE Resonance mod Resonance frequency (GH| Volume (mnf)
3.5x 3.5x 4 TE113 23.4 49
5x5x8 TEi117 23.3 200
6x6x10 TE110 23.6 360

Displayed in Figure -3 (a), the MATLAB code provided serves as a demonstrative

example. It showcases how the resonant frequency of the excited mode in a Dielectric
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Resonator Antenna (DRA) can be accurately calculated by considering the size and relative
permittivity of the DRA.The magnetiand the victor fieldslistribution of mode3Ei13 TE117,

and T Ezgareillustrated in Figur@-3 (b-d). The resonance frequencies obtained from MATLAB
display slight discrepancies when compared to the simulated frequencireenfisned early

these differences arise due to the inclusion of the feed network in the simulations, warranting

attention
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Figure2-3 (a) MATLAB code for TE113 at 22.7GHz (bJagneticfield of the TR13, at 234GHz(c)
Magnetic field of the TRz, at 23.3GHz (d) Magnetic field of the Tig, at 23.6GHz.

By leveraging Dielectric Waveguide Modes (DWNbhen it,can accurately predict the
resonant frequency and the excited mode, as previously explained. However, it's important to
note that DWM analysis typically doesn't account for the feed network. Therefore, once the

Dielectric Resonator Antenna (DRA) dimenson and r el at irvaee speafiedni t t i v
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based on DWM consideratiorisgure 24 shows the current density of Tk TEi117, and Th1s.

(@) (b) (c)
Figure2-4 The current density of the feed network (ah&HEb) TEi17,and(c) TEi1g

The reflection coefficient is in Figure®, where the same feed network was used to excite
each DRA. The feed network used in these examples has a length of 25 mm, a width of 27 mm,
and a height of 0.3 mm. At the top of the substrate, which has a permittivity of 3.5, there is a
ground plane thahcludes an etched rectangular slot with a widthvgf 0.7 mm and a length
of 2 mm, with a microstrip line located at the bottom. It can be noted that the achieved
bandwidths for the Ths TEuwi7 and Thie resorance modes are 5.7%, 2.9%, and 2.6 %,

respectively.

-10 4
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~Z -20 A
—
9]
— TE113
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Figure2-5|S11 of rectangular DRAs excited in the Tig TEi17and ThRigresonance modes.
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Figure2-6 The variation of the return losses as a function of the dielectric constant.

As already mentioned, the dielectric permittivity and DRA dimensions are important
factors that determine the resonance frequencies of hagtler modes. Therefore, for the case
of a RDRA size of 3.5 mm x 3.5 mm x 4 mm, an example of various dielectr$tards has
been simulated, and their effects on the resonant frequency are illustrated ir2fagwiesre
it can be noted that as long as the permittivity increased, the resonant will be shifted to the lower

frequency[127].

The apertureoupled feed, whether Slot feed or apertoapled feed, proves effective
in enhancing the activation of a singular mode within the DRA. It serves to minimize
interference from unintended electromagnetic waves stemming from the feed lirebes,p
ensuring a focused excitation in the DRA. Typically, the slot's length measures around half the
wavel eng[i2b] Moredvel,)the feeding mechanism within the antenna system,
comprising a slot aperture etched onto the ground plane positioned atop the substrate, interacts
with the underlying microstrip line. The microstrip line incorporates a leotimized stub for
achieving optimal impedance matching. This strategic configuration allows precise control over

the coupling and transmission of electromagnetic signals between the microstrip line and the
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radiating structure. By manipulating the current density distribution through this feed network,
specific modes are selectively excited within the antenna system, ensuring desired performance
while suppressing others. Additionally, this setup enhancesarse and efficiency by
directing the signal propagation in a targeted manner, optimizing the overall functionality of the

antenna system.

2.3 Fabrication and Measurements Procedures.

This study involves the measurement of several antenna parameters, including the
reflection coefficient &, axial ratio, gain, and radiation patterns. The Alumina DRAs and feed
networks were fabricated by -deramics [128] and Wrekin [129], respectively. All
measurements were carried out using the UKRI National Millimi&age Facility[130], these

specific parameters and the procedures employed to measure them are described in this section:

2.3.1 Reflection Coefficient M easurements

The N5245B vector network analyser (VNA) was used to measure the return losses. To
begin, the connection of the N5245B VNA was
and connectors, including connector 2.4mm. The calibration procedure is perfasmed t

eliminate any potential measurement errors and ensure accurate results.

2.3.2 Far-field Measurements.

The NSHMI Technologies system was utilized in conducting thdiéd measurements.
By employing this specialized measurement system, various parameters, including the radiation
patterns and gain were accurately measured and visualized. To cover dtierel@vgle range
of -0A to d = 90 A-Ml sphhrical system was fset up hoaotaté &dross the
upper hemisphere. In order to determine the axial ratio, the right aschiefed electric field

components gand E which are given ag 31]:
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A reference horn antenna was utilised at the receiving end as padroparison method
to measure the gain. The DRAG6s gain could be

measured reference horn's antenna gain.

\
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2.4 Two layered Dielectric Resonator Antenna for mmWave with

removable customized holder.

2.4.1 Considered Single DRA Elements

The single DRA element in this study is designed for a wireless communication system
operating in the 24 GHz frequency. The DRA element is fabricated using a permittivity ceramic
material with a permittivity value dj = 9.9 and a loss tangent of 0.0001. Its dielectric resonator
is shaped as a rectangular structure with an equal length andwidth = 6 mm, and a height
of 1.7 mm, making it compact and suitable for integration in sgizdid devices. The proposed

antenna presents in Figl2e/.

W,

(a) Top-view (b) 3D-view

Figure2-7 Geometric of single DRA

32



2.4.1.1 Aperture Shapes for Circular Polarization in Antenna Systems

Various aperture shapes, including the cisles spiral, square with gap, annular, and
combinations thereof, are employed in antenna systems to achieve Circular Polarization (CP).
The selection depends on factors such as the application, operatinghésecaied desired
polarizationcharacteristicsThe crossslot configuration was selected due to its efficiency in

operating at millimetewave frequencief89, 132]

The feed network consists of a Rogers substrate, Ro4003, with a dielectric constant and a
loss tangent of 3.5 and 0.0027, respectively. The overall dimensions of the substtate are
25mm,W = 27mm andhs = 0.3mm. At the top of the substrate, there is a ground plane, which
includes an etched creskt to ensure proper impedance matching and enhance the antenna'’s
bandwidth, the crosslot arms have the same widthvaf= 0.7mm and different lengths ki
= 3.7 mm ands;= 2 mm, where unequal slot arm lengths have been chosen to generate the CP
radiation[74]. At the bottom of the substrate, the microstrip line is integrated to efficiently
couple energy from the external transmission line to the dielectric resonator, microstrip length
is It =15.5mm width ofsx = 0.5mm. Moreover, optimum matching has been achieved using a
microstrip stub with a length &fus = 1.1mm. The effect of the length stub on the return loss is

demonstratedh Figure2-8.

S,,(dB)

14 16 18 20 22 24 26 28 30 32
Frequency (GHz)

Figure2-8 Stub length's effects on DRA return losses.
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Figure2-9 Geometry of the proposed layered DRA.

In this section, an outer waterproof dielectric layer useddialectric coat for the DRA,
which also protects the antenna from wet weather conditions as well as the advantages
mentioned earlier. Additionally, a simple removable holder has been designed with a rectangular
window that can be used to iddptthe DRA position preciselyAs mentioned earlier, the
dielectric waveguide model, DWM, can be utilized to calculate the resonance frequencies for
the various modes of a single layer rectangular DRA. However, there is no equivalent model for
the layered rectangul®RA. Therefore, the CST Eigenmode solver was utilised to determine
t he modesd r es ¢(88lakigare2-9 flluseates then prapesed layered DRA,
Furthermore, the outer coat layer has been 3D printed using polyimide with respective dielectric

constant and | oss tangent of 3.5 and tan U

Figure 210 llustrates the return losses of the proposed layered antenna before and after
adding a dielectric coat, where it can be observed that the presence of the coat has a significant
impact on the DRA characteristics. For example, the impedance bandwidttisefxten 14 to
30.8 GHz, which corresponds to®0 dB S: bandwidth of 75%, after adding the coat layer
compared to ~ 43% for a single layer DRA. This can be understood by noting the incorporating
of a dielectric coating layer, with a relatipermittivity of (p, generates a transition region

between the DRA and free space, which improves the radiation characteristics signffidantly
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Figure2-10 Reflection coefficient of a single and tviayer DRASs.

Increasing the dielectric constant has the effect of raising the radiation Q factor,
consequently narrowing the antenna bandwidiB3]. Hence, by applying a coating of
polyimide with a dielectric constant of 3.5, which is lower than the dielectric constant of the
Dielectric Resonator Antenna (DRA), the overall dielectric constant decreases. This reduction
in the Q factor results in andreased bandwidtfor the antennak-urthermore, the radiation

guality factor can be used to express the antenna impedance bandwidth aq I8B)W84]:

. Y p %
oOw  —— Cp UL
V) ny

In which S is the maximum desired VSWR valWhere, the radiation Q factor can be

calculated as follows using the closiedm formula found if135] for the stored energy and

radiated power of rectangular Dielectric Resonator Antennas (DRAS):

Yo £ 0@ @I Qe
Y 6% Q QGnd Q| ® o

CA

c‘
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Figure2-11 Gain and axial ratio of a single and tlayer DRAs
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Figure2-12 Radiation pattern of a single and tlayer DRAS

The broadside gain and axiatio areillustrated in Figure 21, where it can be observed

that after adding the coat the maximum gain was enhanced from 6 dBic to 9.16 dBic at 24GHz.
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Similarly, the AR bandwidth was improved from ~ 4% to ~ 29% by adding the coat layer.
Moreover, the coat serves an additional purpose of protecting the DRA from wet weather and
other external factors. Additionally, the direction of the main lobe pattermninaoved with

the coat as shown in Figuzel2.

Table2-3 Human body parameters at 24GH36]

Relative Density (kg/m?3) Conductivity Thickness
Permittivity [S/m] [mm]
Skin 19 1109 22.8 1
Fat 6.51 911 4.42 2
Muscle 274 1090 29.4 10
I n order to investigate the i mpact of t he

performance, the DRA was mounted ontHreey er s of humands ti ssue
parameters to simulate the phantom are listed in TaBlaril the simulated tissue layers are

illustrated in Figure A3, using a size of 100 mm45 mmx 13mm*

Dielectric coat  Ground plane
DRA Q—l

Skin = 1 mm

Fat=2 mm

Figure2-13 The proposed layered DRA above the body phantom
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Figure2-14|S4| a layered DRA placed next to a phantom.
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Figure2-15 Gain and axial ratio of a twiayer DRA placed next to a body phantom.

Figure2-14 illustrates the return losses when the antenna is placed next to the phantom at
various distances of Imm, 2mm and 3mm. From these results it can be noted that the achieved
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impedance bandwidth is ~75% for all the considered distances, which is close to that of a DRA
operating in free space. This demonstrates a marginal impact of the human tissue on the
impedance bandwidth, which can be attributed to the presence of the glaneadetween the
antenna and the simulated tissue layers. The same impact was observed for the far field
parameters as illustrated in Fig@d5, where it can be noted that almost identical gain and AR

bandwidth has been achieved for various separdigiances between the antenna and human

tissue.
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Figure2-16 The SAR of the proposed DRA with various input power levels for a 19 tissue; (a) 15 dBm, (b) 18
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Figure2-17 The SAR of the proposed DRA with various input power levels for a 10g tissue; (a) 15 dBm, (b) 18
dBm,
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The results of the SAR simulations show that the suggested antenna's radiation satisfies

the safety standards for 1 g and 10 g tissues, respectively, as shown in Fitfuees2-17.

2.4.1.2 The SAR as function of the ground plane size.

The investigation delved into assessing the correlation between SAR (Specific Absorption Rate)

and ground plane size, exploridgnensions of 15 x 15mm, 25 x 27mm, and 40 x 40mm.

W/kg

Wikg
0.774

0.1
0.04

0.01

0

= [~} % z
SF::& "”‘:4‘;:{ SAR (f=24) [11 (19) & = SAR(F=24) [11(19) &
Mmmw‘ny RO Frequency 24 GHz frequency 24 GHz
Mioum  OW/ig 9 Maximum 0872946 W/kg Maximum 0774344 Wi...
Minimum 0W/kg Minimum 0W/kg
(a) Ground plane 15 x 15 mm (b) Ground plane 25 x 27 mm (c) Ground plane 40 x 40 mm

Figure2-18 The relation of the SAR with the Ground plane size

The results showcased a descending trend in SAR values with increasing ground plane
size: SAR values were measured at 0.9 W/kg, 0.8 W/kg, and 0.7 W/kg for ground plane
dimensions of 15 x 15mm, 25 x 27mm, and 40 x 40mm, respectively as shown in fitflire 2
This demonstrates a notable decrease in SAR with larger ground plane sizes, suggesting a

potential strategy for mitigating SAR levels in such contexts.

Figure 2-19 presents the DRA prototype for which assembly was simplified by utizing
holder that includes a pocket in which the feed network was inserted. The DRA can then be
placed in the precise position, with respect to the feeding slot, with the aid of an exttemel

adhesive copper tape, as shown in Figui®d. Once the DRA is bonded to the feed network,
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the holder can be pulled out leaving the prototype shown in Fgud8e, which can be

measured without any alignment issues.

"
(®

(@)
t;
d

Figure2-19 Prototype of the proposed antenna (a) RDRA with the dielectric coat, (b) Removable custom holder,
(c) Feed network with two pieces of adhesive copper tape and the custom holder, (d) proposed antenna with the
removable holder, (e) the proposed antenna

(©)

(e)
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Figure2-20 Measuredand simulatedS;1| of the layered DRA.
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Figure2-21 The measured gain of the layered DRA.
10 A
= Simulated = = Measured
) 8 h
[a]
=
i
b= 6
o
I
X4
2
0

Frequency (GHz)

Figure2-22 The measured axial ratio of the layered DRA
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Figure 220demonstrates good agreement between the simulated and measured reflection
coefficient, where a bandwidth of 75% has been achieved in both cases. The close agreement
between experimental and simulated data confirms the effectiveness of the used alignment
procedure Figures2-21 preserd the simulated and measured gain. From these results, it can
be observed that the maximum gain was achieved at 24GHz, where the respective simulated and
measured gains are 9.16dBic and 8.91dBic. The simulated and meastn@ud@iRiths are in
reasonable agreement with each other as illustrated in RRegewhere it can be noted that
the experimental and simulated AR bandwidths are 26.2% and 29%, respectively. It can be noted
that there is a slight drop in the measured CP bandwidth compared to the simulated counterpart
and the measured gain has slightlyiefalto 8.91dBic. These marginal discrepancies are
expected due to the experimental and fabrication tolerances and other factors such as the SMA
soldering and any uncert@ynn the utilized dielectripermittivity.

- Simulated 0
= = = Measured

90

(a) Eplane (b) H-plane
Figure2-23 The measured far field patterns of the layered DRA at 24GHz.

The Eplane and Fplane radiation patterns were measured at 24GHz as illustrated in
Figure 223, where it can be noted that close agreement is achieved between simulated and

measured far field patterns. the DRA radiates a-hgimid circular polarization (RHCP) wave
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since R is greater than E The magnetic field distribution inside the DRA is presented in Figure
2-24, where it can be noted that theiT£TE131, and Tksiresonance modes were excited at 15

GHz, 24GHz, and 29.%5Hz respectively.
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Figure2-24 Magnetic field distribution inside the layered DRA.

Table2-4 demonstrates that the proposed DRA offers one of the lowest profiles compared
to reported designs, albeit with a considerably wideband operation in terms of impedance

matching and axial ratio.
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Table2-4 Comparison of the layerddRA performance against that of published counterparts

Ref DRA configuration | DRA dimension S11 BW (%) Gain (dBic) | AR BW (%)
(mm)
[71] Rectangular 5.85x5.85%x 4.8 11.7 8.5 3.9
[137] Modified rectangulal 10.2x 10.27x 15 66.2 7.5 15
[68] Rectangular 8x12x15 20.7 5 9.6
This work | Layered Rectangula 8x8x5 8.91 26.7

2.5 Dielectric Resonator Antenna with Grooved GP

In this DRA design, a grooved ground plane has been utilizaddress the alignment

issues. Additionally, the designed DRA has been investigated as a potential candidate for off

body communications #te desired frequency of 28GHz.

(a) Top-view

Figure2-25 Geometry of the proposed DRA.

(b) 3D-view

Figure 225 demonstrates the proposed antenna configuration. Once more, the DRA was

S

mul at ed

and

fabricated
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constant ofy) = 9.9. The DRA size was determined using the dielectric waveguide model
(DWM) as lgr = war = 5.2 mm andh = 2.9 mm[138]. Furthermore, the Rogers substrate,
Ro4350B, was wused in the feed network, with
constant of 3.66. The substrate dimensiond.arel9mm,W = 21 mm anchs = 0.254mm. A

microstrip feedline was added at the lower side of the substrate, with a lehgttDdbmm and

a widthw; = 0.45m. The crosslot arms have distinct lengthslef= 1.7 mm andsz = 3.2 mm

with identical widths ofv=0.35mm. Additionally, an optimum matching was accomplished by
utilizing a microstrip stub with a length kefis = 1 mm. It should be mentioned that a rectangular

DRA supports multiple Tenpresonance modes when placed above a metal ground plane. The
modesd6 resonance frequencies can be deter min
aforementioned DRA dimensions support theTETE113and Thssresonance modes at 25

GHz, 27 GHz and 30 GHz, respectively. The second ground plane has square caygsris b

than the DRA by 50unl, = w. = 5.25mm.The modelled layers of the human body tissue are
illustrated in Figure 26 using a size of 4% 45 x 13 mn¥, where the thickness of the skin is

1mm, fat 2mm, and muscle 10mm, the utilized parameters to simulate the phantom are

according td136] at 28GHz.

wugy

%

Figure2-26 The proposed DRA above the body phantom.
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Figure2-27|S1| of CP DRA placed next to a phantom.
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Figure2-28 Gain and axial ratio of a CP DRA placed next to a body phantom.

Figure 227 illustrates the reflection coefficient when the proposed antenna is located
above the tissue model at distances of 1mm and 5mm. In both cases the achieved impedance

bandwidth is ~29%, which is close to that of free space. Once more, this demonstrat@sa ma
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impact of the human tissue on the DRA bandwidth, which can be explained as a result of the
presence of a ground plane between the DRA and tissue that minimises the interaction between
them. This has also been confirmed for the CP radiation, where it caotdzbthat the same

AR bandwidth was achieved at various separation distances between the antenna and human
tissue. The same is true for the gain as illustrated in Figd8eThe tested SAR of the proposed

DRA has meet the requirement of both standeds®W/kg for (1) g of tissue and 2 W/kg for

(10) g of tisue as illustrated in Figures2® and 230.
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o

06
oS
LX)

e3

o2

[ N
oLz
00
003

saR(=2)[1)(10) @ - y SAR(f=28) (1) (19) &
Masmon 0308578 Wig i Vo 07057 Wig
Mnmum  OW/ig Minimum 0 W/kg
5 x
() (b)

Figure2-29 The SAR of the proposed DRA with various input power levels for a 1g tissue; (a) 15 dBm, (b) 18
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Figure2-30 The SAR of the proposed DRA with various input power levels for a 10g tissue; (a) 15 dBm, (b) 18
dBm,
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(a) (b)
(©) (d)

Figure2-31a) centered DRA, b) DRA shifted to the left by 25 um. ¢) DRA shifted towards top by 25um, d)
DRA shifted to the bottom by 25um.

Prior the fabrication, and to fix the alignment issue, a second ground plane with a hallow
square cavity was utilized as illustrated in Fig+&l, where it can be noted that the square
cavity is bigger than the DRA by 25um along each side. This difference in size is needed to
ensure that the DRA can be inserted easily in the created cavity. Hence more investigations were
conducted in order to stydhe effects of any misalignment that can be caused if the DRA is

shifted from the center as illustratedHigures2-31 b-e.

Sy, (dB)

DRA: Centered

-40 1 —— DRA: shifted to the top by 25 um
—— DRA: shifted to the bottom by 25 um
—— DRA: shifted to the right by 25 um

=07 DRA: shifted to the left by 25 um

24 26 28 30 32 34
Frequency (GHz)

Figure2-32|S1| of DRA for various misaligned positions
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Figure2-33 Gain and AR of DRA for various misalign@sitions

Figure 2-32 illustrates the simulated reflection coefficient when the DRA is precisely
centered at the hol | alang atlenvthatoryy axes. Hevevierfftom d by
these results it can be noted that the archived impedance bandwidth of 29% was maintained in
all scenarios with unnoticed variation. This has also been confirmed for the gain and axial ratio
as illustrated in Figurg-33, where the achieved gain of 8.7dBic at 28 GHz and CP bandwidth
of 14% were maintained for the potential misaligned DRA® lower resonance mode ofiTE£
has been excited at 25 GHz together with two higher order modes efafl ThRszat 27 and
30 GHz, respectivelyThe proposed ground plane groove was included in the simulations as
illustrated in Figure-34. The thicknesses of the upper and lower ground planes were set to 0.1
and 0.018 mm, respectively. Additionally, the requisite DRA position was determined by
etching a square hollow cavity in the top ground plane. The two ground planes were joined
togetherby sandwibing a 63micronthick prepreg layer irbetween. Additionally, a similar
square cavity slot was created in the-preg dielectric layer also so that the DRA can be placed

directly above the crosslot of the bottom ground plane.
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Figure 2-34 The prototyped DRA (a) back view (b) Top view of feed network with grooved ground plane (c)
Assembled DRA.

The simulated and measured reflection coefficients are in close agreement as
demonstrated in Figurg-35, with impedance bandwidths of ~29% in both instances. The
agreement between simulations and measurements demonstrates the effectiveness of the

employed alignment technique.

5 - — Simulated === Measured

Sy, (dB)

TE

131

-35 T T T T

24 26 28 30 32 34
Frequency (GHz)

Figure2-35 The measurednd simulatedS;s| of the CP DRA on a grooved ground plane.
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Figure2-36 The measured gain of the CP DRA on a grooved ground plane.

— Simulated
-=-=-- Measured
30

180 180

(a) E-plane (b) H-plane

Figure2-37 The simulated and measured Normalized radiation patterns at 28GHz for a CP DRA above a
grooved ground plane.
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Moreover, Figure2.36 demonstrates a close agreement between the simulated and
measured gains with a maximum simulated gain of 8.7 dBic at 28 GHz compared to a measured
gain of 8.54 dBicFigure 237 presents the simulated and measuredrigl Hplanes radiation

patterns at 28 GHz with measured components that remain almost as in the simulation. The

antenna radiates a RHCP wave.

10

= Simulated = == Measured

(0] (o]
1 1

Axial Ratio(dB)
IS

27 28 29 30 31 32
Frequency (GHz)

Figure2-38 The measured axial ratio of the CP DRA on a grooved ground plane.

The measured and simulated CP Bandwidths accord with one another reasonably well, as
illustrated in Figur&-38, where it can be noted that the simulated and measured AR bandwidths
are 14% and ~13.5%, respectively. From Tabiit can be observed that, compared to the
relevant literature, the proposed DRA offers the lowest profile together with improved radiation

parameters. However, compared with the previous section, it will note that this design produces
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the lowest profile and almost the same gain, nevertheless, the layered DRA offers wider

bandwidth with the conjunction of AR, that due to the use of the dielectri§7ejat

Table2-5 Comparison of the performance of a DRA on a grooved ground plane with published counterparts

Ref DRA DRA dimension S11BW (%) | Gain (dBic) AR BW
configuration (mm) (%)

This Rectangular 5.2x5.2%x2.9 29 8.7 13.5

work
Pervious Layered 8x8x5 75 8.91 26.7
section Rectangular

[68] Rectangular 8x12x15 20.7 5 9.6

[71] Rectangular 5.85x5.85%x 4.8 11.7 8.5 3.9

2.6 A Wristwatch Dielectric Resonator Antenna

Another DRA configuration that is suitable for-tf®dy communications is demonstrated
in Figure2-39 (a) with the top view of the configuration illustrated in Figard9 (b). Once
more, in order to achieve a CP radiation, the DRA was excited using a cross slot. The matching
bandwidth was enhanced by utilizing astat t he end of the 50Y mi
respective width and length wf= 0.4 mm and= 10 mm. The crosslot width and lengths are

Ws = 0.43 mmJs1=4mm andsz = 2mm.

DRA
Substrate

(a) (b)

Figure2-39 The proposed wristwatch DRA a) Oblique view b) Top view
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(@) Front view (b) Oblique view

Figure2-40 The wristwatch DRA on the equivalent wrist.

A curved DRA and substrate, wi t9h 9=@&&wkeed)t i v e
utilized. The DRA size was chosen as 5 x 5 x 2.9 mm with an 18 x 2@amformal ground

plane. The radii of the elliptical substrate are 20 mm and 35 mm with a thickness of 0.3 mm as
showninFigure20. 1 n order to study the human bodyods
the ground plane width has been varied frosb@0nm, in 10 mm steps. This was implemented

in free space and enrist. Figure2-41 illustrates the return losses of the wristwatch DRA for
various sizes. It can be observed th&tdB S: bandwidth of ~ 27% was achieved for all ground

plane sizes.

-10 1

Gain (dBic)
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_30_
—— GP = (l18mmi-20@M) = (18mml|4
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-40 : . . .
24 26 28 30 32 34
Frequency (GHz)

Figure2-41|S;,| of a wristwatch DRA in free space with different ground plane sizes
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Figure2-42 Gain of a wristwatch DRA in free space using different ground plane size
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Figure2-43 Axial Ratio of wristwatch DRA in free space with different ground plane sizes.

Figure 242 demonstrates a gain of more than 9 dBic in all scenarios. Moreover, Figure
2-43 presents the AR, where it can be noted that an AR bandwidth of ~14.7% was achieved

using a ground plane size of 18 mm x 20 mm. The polar view of tHesldrpatterns is
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illustrated in Figure 244, where it can be noted that the DRA radiates a RHCP wave since the
Er component is greater than the @éunterpart by ~20dB. Additionally, the antenna offers a

broadside radiation, which is suitable for-btidy communication.

— RHCP 0
—— LHCP 0

-90 90

240

180 180
() (b)

Figure2-44 Far field pattern of wristwatch DRA in free space at 28GHz;-gl&he and b) Hplane.
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Figure2-45|S11| of DRA onwrist with different ground plane sizes
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Figure2-46 Gain of onwrist DRA with different ground plane sizes.
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Figure2-47 Axial ratio of onwrist DRA with different ground plane sizes.

A threelayer elliptical cylinder was considered to model the wrist with the layers

correspond to skin, fat and muscle FigurdQ2 The dielectric characteristics of the body
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parameters at 28 GHz have been used according to[i88eFor the case of a DRA placed

on the wrist, an impedance bandwidth of ~19% was achieved without any impact by the ground
planesize as illustrated in Figure-4b. The attained free space gains of over 9 dBic was
sustained even in the presence of the wrist, as illustrated in Rigérd-urthermore, Figurg-

47 depicts an axial ratio (AR) bandwidth of approximately 10.7% across the frequency span of
28.932.2 GHz, achieved with minimal deviations in relation to ground plane. Sihes
inclusion of the wrisreduces the AR bandwidth, in contrast to earlier designs where the ground
plane aimed to maintain consistent performance in free space and on the wrist. However, this
approach doesn't apply in this case due to incomplete substrate coverage by thelgraund

as well as the curved ground plane and DRAhould be noted that the proposed DRA offers

the lowest profile compared to the reporteeboits DRA designs reported in the literata®

shown in the compared table62 with a considerably wideband operation and a high gain.
Figure2-48 presents the gzand the E components that remain almost as in free space where

RHCP wave is radiated.

180 180

(a) (b)
Figure2-48 Far field pattern of the ewrist DRA at 28GHz; a) Eplane and b) Hplane.
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Table2-6 Comparisonof the performance of the wristwatch DR@ainstpublished counterparts

Ref DRA size (mm) U S11BW (%) | Gain (dBi) | AR BW (%)
[78] 22x10x4 9.8 18.4 5 LP
[79] 55x 27 x 10 12.3 19 5.15 LP
[139] 22x10x 4 9.8 15.3 5.21 LP
This work 5x5x29 9.9 19 9.42 10.6

2.7 Conclusion

This Chapter proposed three lgrofile configurations of mmWave DRAs foff-body
communications, with close agreement between the measured and simulated results. The
antennas exhibited impressive performance in terms of impedance bandwidth, axial ratio
bandwidth, and maximum gain. The first DRA design achieved a 75% impeoamdeidth,

26.7% axial ratio bandwidth, and a maximum gain of approximately 8.9 dBic at 24 GHz. By
incorporating an additional dielectric layer and a waterproof outer layer, the aBtenna
performance and robustness were improved. In the second desigmeatance bandwidth of

29% and an axial ratio bandwidth of 13.5% were achieved, with a maximum gain of 8.7 dBic
at 28 GHz. The use of a second ground plane with a hollow square cavity provided a simple
solution for DRAfeed misalignment. The third desigrepents a conformal wristwatch DRA

that demonstrated an impedance bandwidth of approximately 27% in the frequency range of
24.4-31.8 GHz, with an axial ratio of around 14% and a gain of approximately 9.42 dBic in free
space. The presence of the arm slightiguced the impedance and axial ratio bandwidths to
19% and 10.6%, respectively. The circytatarizationfeature of this wearable device allows

for flexible antenna alignment. The impact of the ground plane size on antenna performance

was also carefully considered.
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Overall, these DRA designs offer leguwvofile solutions with impressive radiation
characteristics and circular polarization, which make themsugd for wearable mmWave
DRA. However, the maximum gain is only achieved at a specific frequency. To ovetieme
limitation, a DRA array will be considered in the next chapter. This array aims to achieve a

stable high gain across most of both the impedance and axial ratio bandwidths.
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Chapter 3

A Circularly Poliaerliezcetd
Re s orAanttoanna Arr aBody o
Communi cati ons

3.1 Introduction

Array antennas are used in wireless communication systems to enhance the gain in a
particular direction. Phased array antennas, for example, can steer the beam electronically by
adjusting the phase of the signals at each element, allowing for direcbomalunication and
interference rejectiofl40-142]. Moreover, the use of antenna arrays can also be achieved by
implementing of beamforming techniques, which can further enhance the gain of the antenna
system[143]. Therefore, array antennas offer significant advantages in terms of gain compared
to a single antenna element. By combining the outputs of multiple antenna elements, array
antennas can achieve higher gain and improved radiation characteristics. Thssamake
well-suited for applications that require lerange communications or coverage over a wide

area.

In this Chapter, a rectangular DRA element was used to design a 2x2 elements array. The
design of the array involves careful consideration of the spacing between the DRA elements, as
well as the feeding network that connects the individual elements sotinee. The spacing
between the elements affects the overall radiation pattern and beam width of the array. The
feeding network ensures proper excitation of each element and enables control over the radiation
properties of the array. Moreover, in ordept@rcome the misalignment issues, an automated

process was followed to precisely outline the DRA positions on the utilized ground plane.
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3.2 DesignMethodology.

A single DRA element was developed first to operate at 28 GHz. The parameters of the
proposed DRA array were set based on mmWavbatlyy communication requirements, such
as lowprofile, wideband, and high gain. The proposed antenna was simulatedspdoeeas
well as on top of a threlayer model of a human tissue to investigate the effects of the human

body on performance.

3.3 A Single DRA Element.

Figure3-1 illustrates the antenna configuration, with respective dielectric constants and
|l oss tamgeOntds dfanlk=<306600flamind<V00. 0027 for
The DRA dimensions were determined using the dielectric waveguide model (DWM), as well

as CSTEigenmode solver for calculating the resonance frequencies 6¥@e resonance

modeq138].

3
NG i

E DRA = thar
el [ — T . — L
;l‘f“_hxf l& :ﬂ -;-I-g_ - Y
: A ~% ] 1
: G Substrate | ?I

2 |

'5

b |
: = ~
(b (b} (c)

Figure3-1 Antenna configuration a) top view b) front view c) back view.

In order to achieve the CP radiation, the single DRA element was excited by a cross slot
while the energy coupling is controlled by a stub length extensia) With a recommended

initial value of O0.258a9g, wheslotogwas ftdae @i
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microstrip line. The choice of the cres®t arm lengths and widths are crucial for maximizing
the impedance and AR bandwidiiigt4]. The lengths of thesland 29 crossslot arms were
optimized as 1.7 mm and 3.2 mm, respectively, with an identical width of ws = 0.35 mm for

each arm. The formulas can be used to determine the starting lengths and widths of the slots.
a — oP
- — o
0 TR, O oD
Wherel) and({ are the dielectric constants of DRA and the substrate.

The best start points of the stub extension is:

a — o8

In addition, the higheorder modes ofYO , “YO were simultaneously excited at 27
GHz and 30 GHz, respectively. Taldd presents the resonance frequencies of the transverse
electric (TE) modes that are supported by the designed DRA within the considered frequency

range.

Table3-1. Resonancé&equencies of a number of TE modes supported by the used DRA.

Frequency (GHz) Resonance Mode
25 4 %
27 4 %
30 4 %
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3.3.1 The DRA Height

Special attention was given to choosing the smallest possible height of the DRA while

maintainingreasonable radiation characteristics

Sy; (dB)

26 28 30 32 34
Frequency (GHz)

Figure3-2. Reflection coefficient of various height of the DRA

10

Gain (dBi)

hdr=1.4 mm
hdr=1.7 mm
hdr=2.0 mm
hdr=2.7 mm
hdr=2.9 mm

0 T T T T
26 28 30 32 34

Frequency (GHz)
Figure3-3. Gainof DRA with various heights.

Figure 32 shows the impedance bandwidth in different DRA hejghies impedance

bandwidth of a rectangular dielectric resonator antenna (DRA) isn't directly dependent on its
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height. Instead, it's influenced by various factors like the dielectric material properties, resonant
frequency, and the resonator's dimensions. The impedance bandwidth is typically associated
with the resonant frequency and the size of the resonatoey tadn solely with its height.
Validating the selected dimensions in the case study involves assessing whether the chosen
dimensions align with the desired resonant frequency and the associated impedance bandwidth.
If the dimensions lead to the intendedanant frequency and the desired impedance bandwidth,

it would confirm the suitability of the chosen dimensions for the application. This validation
ensures that the antenna meets the required performance clitegicoroadside gain is
illustrated in Figure B, where it can be observed that the maximum gain of ~9dBic was
achieved at 28GHz with a height of 2.9mm. The axial ratio is introduced in Figyrel3re

CP radiation was achieved with a 3dB AR bandwidthG®o at a height of 2.9mm.

o
=
8
T
o
g
0 - -_— - hgp=1l4mMM= = - hgr = 2.6 mm
- - - hgr=1.7mMM ———  hg,=2.9mm
2 - - hgr =2.0 mm
24 26 28 30 32 34

Frequency (GHz)
Figure3-4. Axial ratio of DRA with various heights.

The farfield (polar view) patterns at the target frequency 28GHz at DRA height 2.9mm as
clarified in Figure 35, where it can be noted that the DRA radiates a-hghtd circular

polarization (LHCP) wave since EL is greater than ER by ~20dB.

66



(@) (b)
Figure3-5. E- Plane and b) HPlane radiation patterns of the proposed DRA at 28 GHz.

It should be noted that the proposed DRA offers the lowest profile compared to reported
designs, albeit with a considerably wideband operation and a high gain. The final optimised

antenna parameters are listed in Téabk

Table3-2. Parameters of the proposed single DRA element.

Parameters Value (mm) Description
War 5.2 DRA width
lar 5.2 DRA length
Nar 29 DRA height
L 19 Length of ground plane
W 21 Width of ground plane
hs 0.254 Substrate height
It 10.5 Length of microstrip line
Wi 0.45 Width of microstrip line
Istub 1 Stub length
Is1 1.7 Length of the first slot
Is2 3.2 Length of the second slot
Ws 0.35 Width of the cross slot
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3.3.2 Single DRA Next to a Human Body.

To investigate the impact of human body on the antenna performance, the DRA was

mounted on a threlayers tissue model.

Skin % o
Fat Frew
Muule 10w

Figure3-6. A single DRA element above the body phantom.

Table3-3. Human body tissue parameters at 28 GHz.

Tissue Skin Fat Muscle
Relative Permittivity 16.55 6.09 24.43
Density [QTh ] 1109 911 1090
Conductivity[S/m] 25.82 6.58 33.6
Thickness (mm) 1 2 10

Themodelled layers of the human body tissues of size 100 x 45 x £raritiustrated
in Figure 36. Separation distances@mm and 5 mm were considered between the DRA and

the body phantonmi37]. The characterizations of the body parameters are listed in T&ble 3

were[41].
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24 26 28 30 32 34
Frequency (GHz2)

Figure3-7. |S4| of a DRA in free space and placed next to a phantom.

Figure 37 illustrates the reflection coefficient when the DRA is positioned in free space
as well as at distances of 0 mm and 5 mm above the phantom. For a 5mm distance, the achieved
impedance bandwidth is ~31%, which is close to that of ~31.5% for aiDR&e space. This
demonstrates a marginal impact of the human tissues on the impedance bandwidth, which can
be explained as a result of the presence of a ground plane that minimizes the interaction between
the DRA and tissuef72, 73] Nevertheless, the reflection coefficient exhibits a substantial

impact due to the proximity of the human body at a distance of (B7jm
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Figure3-8. Axial ratio of a DRA placed in free space and next to a phantom.
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Figure3-9. Gain of a DRA placed in free space and next to a phantom
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The same has also been confirmed for the CP radiation, where it can be noted from Figure
3-8 that almost the same AR bandwidth of 14% was achieved in free space as well at various
separation distances between the antenna and the phantom. This is also the case for the achieved

realized gain of ~8.7 dBic at Z8Hz as illustrated in Figure 3.

3.4 Broadside DRA Array
3.4.1 Array Factor

Suppose the array hilelements and that there id-apace between each pair of adjacent
elements. In addition, a complex curréi€? , where 01<N-1, is used to drive each element.
This indicates that the antennas are provided with linear phase shiftbaifveen adjacent
elements and equal current amplitudes. Thus, a phased array is the nhame given to this kind of
antenna. However, if =0, this meas a uniform array is achievdsly considering an array of
isotropic elements that are distributed alongzthgis, it is possible to derive the array factor as

[145].
b0 p T PTES8@ T o1
where
T QOé ie— o
The normalised AF form is:
)
0'Y B ﬁl o8
Vo "Qg‘r
When the main beam direction is perpendicular to the array axis, then a broadside array is

achieved. 1t is clear from (3.2) that the ma:

71



the array axis is along thedirection, (3.3) becomes (3.5) when the maximum needs to be at

d=90A.

T 1 Q0é ie—s e T o
Therefore, to satisfy the broadside radiation requirements, the array elements must be

excitedd by utilising uniform phase and amplitude. @ietermine the radiation pattern in a

specific plane, the individual el ement patte
0O 0O 61 1 VODO £ i o
For example, to evaluate how the radiation pattern changes when two elements are used
in an array configuration. Equations (3.5) and (3.6) ware solved numerically using MATLAB
to compute the array factor for a given antenna. The radiation pattern foleomenewas
obtained from CST, and this data was utilized in conjunction with the MATLAB code to
compare the results of two antenna elements. The parameters of the array factors were

considered to be consistent with the simulation settings, where theleneent spacing was

set to 10mm.
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Figure3-10. The radiation pattern for@ements at 28GHz

The radiation patterns for the two elements (from CST) and the array configuration (using
MATLAB's array factor) were plotted on the same graph in Figuf®. By comparing these
patterns, it can be observed that the two shapes are quite sithidadifferences, can be
attributed to the fact that the MATLAB code does not take into account the feed network
Moreover, as mentioned earlier, antenna arrays are generally to enhance the gain. An array
consists of two or more antenna elements that are spatially arranged and electrically
interconnected to produce a directional radiation pattern. The radiatiompafttan antenna
array can be altered by adjusting the spacing and phase shift between adjacent [@lé6jents
The single DRA element proposed in the last section will be utilized to create DRA arrays
consisting of 2, 4, and 8 elements. These arrays will be thoroughly investigated to provide a
clearer picture of the design process. As can be noted in Rgliethe return losses of the
single element in this instance has the largest bandwidth (31%), followed bgldraeht array

(28.3%), the Zxlement array (23%), and theeeement array (18.7%). As a result, compared to
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arrays with several elements, the single element may function across a larger range of

frequencies.

0
_5 -
_10 4
_15 4
)
T -20 1
(n\—I
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-30
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— 2 elements —— 8 elements
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24 26 28 30 32
Frequency (GHz)
Figure3-11. Reflection coefficients of various DRA arrays.
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Figure3-12. Gain of various DRA arrays.
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Figure 312 illustrates the link between an antenna'’s gain, and the number of its elements.
Particularly, the gain of the antenna grows along with the number of elements:efetwent
antenna has a gain of 11.1 dBi compared to a sglgleent antenna's@ dBi. An antenna
with four elements has a gain of 14 dBi, whereas one with eight elements has a gain of 16.6 dBi.
This is due to the fact that having more elements enables a radiation pattern that is more directed

and focused, with less energy radiatinghe undesirable directions.

20

10 A
g of
2
=
@ -10 -
2
-20 n
—_— ] element = 4 elements
—_— 2 elements —— 8 elements
'30 T T T T T T T
-150 -100 -50 0 50 100 150
Theta/Degree

Figure3-13. Directivity of various DRA arrays.

From, Figure3-13. It can be seen that with a single DRA element D = 9.25dBi was
achieved, a-2lement array, have a directivity of 12 dBi, while-aldment array would have a
directivity of 14.7 dBi and an-8lement array would have a 17 dBi. This demonstrates that whe

the array's element count rises, the directivity rises as well, improving the ability to regulate the
radiation's directiofil47].
0 -wO oP

whereG, d D a=rrapresent gain, efficiency and directivity, respectively

75



—— 1 element 0
— 2 elements
— 4 elements
— 8 elements

90 -90

120 240

180

(a) (b)
Figure3-14. Radiation pattern of various DRA arrays at 28GHz. (@)dbe. (b) Hplane

Figure3- 14 illustrates the radiation pattern of the desired frequency of 28 GHz., where it
can be noted that an antenna array with more elements produces a narrower beam with a higher
gain (directivity). In general, the gain will be increased according to theetuphithe utilized
antenna elements. However, this is not the case for the impedance bandwidth, which, can be
noticed from Figure8-15, where it is evident that the higher gain is associated by the array

elements. Tabl8-4 presents the resultthe array analyses.
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Figure3-15. The arrayds gain and bandwidth as a funct
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Table3-4. Bandwidth, Gain

, and size of various DRA arrays

BW (%) Gain (dBi) Size (mm)
Single element 31 8.71 19x21x2.93
2 elements 23 111 35%x35x% 2.93
4 elements 28 14 36.5%36.5%2.93
8 elements 18.7 16.6 40x45%2.93

3.5 2x2 DRA Array

A 2 x 2 array antenna doesn't inherently signify MIMO (Multiple Input Multiple Output)
by itself. However, it's commonly used in MIMO systems. For example, eefearent array
antenna can be notated as 1 x 4 or 2 x 2. Typically, 1x4 indicates a lirssawaere the

antennas are arranged linearly along one axis, while the 2x2 array features two rows and two

columns of antennas, often arranged in a square or rectangular 1218 r1b49]

The presented single DRA element was utilised to design a compact broad&desat
array that was positioned on a square ground plane with a size of 36.5 mm on which the cross
slots were etched as demonstrated in Figté(a). A square array geometry was chosen as
illustrated in Figure3-16(b) since it offers a more compact structure. The feed network is

presented in Figur&16(c), where it can be observed that a feay microstrip power divider

line was utilized for the array feed netw¢ikO].
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Figure3-16. Configuration of th@proposed DRA array antenna (a) Top view, (b) 3D view, and (c) Feed network

The dimensions were chosen to support the broadside array design criteria including
uniform power division and phase distribution. In addition, two microstrip line widths were
chosenwy=05mmandw= 0. 25 mm for characteristic
respectively. Furthermore, the lengths of the microstrip line sections were optimikzed as
18.13mmJp = 2.5 mm,iz =5 mm, and I[t4 = 5.3 mm in order to achieve the widest impedance
bandwidth. It should be noted that a Rogers substrate, RB43%&s employed in the
simulations basedn the commercial availabilityThe spacing between the various antenna

elements of an array is inversely correlated with mutual coudlbd.
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Figure3-17. |S4| of the DRA arrays for various separation distandgs (
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The impact of the separation distanck) between the centres of adjacent DRA
elements was investigated as demonstrated in F&j@ife whereds was varied from 6 to 10
mm, whi ch correspogtdos @.o9vBaadsrthe freg space Wwavdengh5 8 o
at 28 GHz. As demonstrated in Figu8d7, the widest impedance bandwidth was achieved
when the antenna elements are separated by 10 mm, which can be understood as a result of the
reduced mutual coupling at such distance. Noteworthy is thetHfacthe widest archived
impedance bandwidth for the array is 28%, which is close to that of the single DRA element.
Moreover, Figure8-18 and3-19 present the AR and gain as functionsiej,(where the widest
AR bandwidth of 13% and highest gain of ~ 14 dBic were achieved, again,daher® mm

due to the reduced mutual coupling.

18

16 1 e g = 6MMe———e dg = 7.5MMemm dg = 10mMn]

AR (dB)
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Figure3-18. AR of the DRA arrays using various separation distangesdtween the DRAS.
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Figure3-19. Gain of the DRA arrays using various separation distanigelsgtween the DRAS.

Figure 320 displays the radiation patterns of théidkd and Hfield at various distances
between adjacent elements. It is evident that the best results were achieved at a distance of 10

mm (ds). Additionally, Figure 321 demonstrates that the directivity reached its peak at the 10

mm distance.

—— dg=6mm

(a) (b)

Figure3-20. Radiation pattern of the DRA arrays using various separation distagchkstgeen the DRAs.
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Figure3-21. Directivity of the DRA arrays using various separation distardgdétween the DRAS.
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Figure3-22. S-parameter values of feeding network

The Sparameter performance of the fauay microstrip power divider is illustrated in

Figure3-22. The first port is designated as the input, and the subsequent ports are arranged in

ascending order. Wherai:Qlemonstrates a matching performance of less @B within
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the desired frequency ranges. The reflection coefficient isolation all fall within an acceptable
range. It should be mentioned that the phaselsfiifteen the output ports is 0.

3.5.1.1 28 GHz CP Rectangular DRA Array: Performance Metrics and Unique
Attributes

1 Impedance BandwidtiEvaluation of the antenna’s ability to operate efficiently over a
range of frequencies around 28 GHz, indicating its versatilitadoommodating
different communication needs.

1 Axial-Ratio BandwidthAnalysis of the axial ratio bandwidth, highlighting the antenna's
capacity to maintain circular polarization characteristics across a specific frequency
range, crucial for t@ble off-body communications.

1 Gain at 28 GHzExamination of the antenna's gain specifically at the critical frequency
of 28 GHz, providing insights into its signal amplification capabilities and overall

performance in the designated communication spectrum.

These key performance metrics underscore the array's suitability 4ooayffcommunications
at millimeterwave frequencies, with a focus on its impedance bandwidth;ratiabandwidth,

and gain at 28 GHz.

3.5.2 Array Nextto aHuman Body.

To learn more about the effects of the human body on the array performance, the same
procedure used for a single DRA element was followed, i.e. the DRA array was placed at two
various distances of 1 mm and 5 mm away from the Hlagee human body modg7]. The
modelled layers of the human body tissues of size 100 x 45 x#3amiiflustrated in Figurg-

23. The characterizations of the body parameters were used according to those[giMen in

82



| DRA| | DRA |

Fat (2mm)
Muscle (10mm)

Figure3-23. Cross section view of a DRA array next to the body phantom.

Figure3-24 presents the reflection coefficient when the array is placed apaee and
at distances of 1 mm and 5 mm from the phantom. These results confirm that the attained
impedance bandwidth is approximately 28% at the two considered distances, which is
comparable to that of a DRA array operating in free space. Owing to genpeeof a ground
plane between the antenna and the simulated tissue layers, the effect of the human tissue on the

impedance bandwidth was minimized

0
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g -20 -
U)H
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-40 - — Free space =—— d=1mm =—— d=5mm
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Figure3-24. Reflection coefficient of a DRA array in free space and placed next to a phantom.
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Similarly, the far field characteristics are not affected by the presence of the human tissue
phantom layers as demonstrated in Fig@r88 and3-26, where it is evident that the achieved
axial ratio bandwidth of 13% and gain of 14 dBic for an array is located at free space, are
comparable to those when the array operates at the proximity of human tissues model. As was
mentioned earlier, the chosBIRA element supports the following TE resonance modes across
the considered frequency range of24 GHz; Thii, TEi1zand Thss, The excitation of the
higher order modes provided a maximum gain of ~14 dBic at 28 GHz, which is considerably
higher than those reported in the literature for 4 element DRA arrays. This is to be expected
since the gain of the designed single dielectrioma®r antenna is ~ 9 dBic compared to a
typical gain of ~6 dBi for a DRA that operates in a lower order mode. In addition, all the excited
modes support broadside radiation, which provided the required stability of the radiation
paterns over the considered frequency range. Finally, merging the bandwidths of the excited

adjacent resonance modes have provided considerably wider impedance and CP bandwidths.

d=1mm=—— d=5mm

Free space

Axial ratio (dBi)

24 26 28 30 32
Frequency (GHz)

Figure3-25. Axial ratio of a DRA array placed in free space and next to a body phantom.
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Figure3-26. Gain of a DRA array operating in free space and next to a body phantom.

In addition, the surface current distribution at the resonant frequency of 28 GHz is
depicted in Figure3-27, where a clockwise rotation of the current vectors can be observed,
which produces the leftand circularly polarized radiation. It should be noted that the same
current distribution was observed for the single circularly polarized DRA, which demesstrat
an unnoticeable impact of the mutual coupling between the array elements on the current

distribution.
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Figure3-27. Surface current distribution on the DRA array's ground plane at 28 GHz.

3.5.3 SpecificAbsorption Rate (SAR) of the DRAArray

Figures3-28 and3-29 illustrate the SAR when the proposed DRA array is placed next to
the equivalent threlayers tissue of the human body, where it can be noted that the SAR is well
below therequired safety threshold for different input power levels when 1 g and 10 g tissues

are considered.
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Figure3-28. SAR of the DRA array for a 1 g tissue and input power of (a) 15 dBm, (b) 18 dBm, (c) 20 dBm
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Figure3-29. SAR of the DRA array for a 10 g tissue and input power of (a) 15 dBm, (b) 18 dBm, (c) 20 dBm.

Table3-5. The average SAR for 1g and 10g tissues using input power of 15 dBm, 18 dBm, and 20 dBm.

Standard Input power SAR(W/kg) Distance (mm)
(dBm)

FCC/ANSI 15 0.4495 5
ICNIRP 15 0.18123 5

FCC/ANSI 18 0.8975 5
ICNIRP 18 0.3619 5

FCC/ANSI 20 1.4225 5
ICNIRP 20 0.5735 5

Table 3-5 summarizes the maximum achieved SAR levels to confirm that the

recommended safety levels were maintained according to the FCC and ICNIRP standards.

3.6 Measurements

At mmWave frequencies, the precise alignment and assembly of the DRA represent
significant challenges that were addressed by outlining the DRA positions on the ground plane.
The fabricated feedetwork is presented in Figur8s30 (a) and (b), along with the outlined
DRA positions. Once the DRA positions are outlined, the antennas were bonded to the ground

plane using an extremely thin doulsieled adhesive copper tape with a thickness of 0.08 mm.
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The assembled DRA arrayqtotype is presented in FiguBe30 (c), which can be measured

without any alignment and bonding concerns.

© @

Figure3-30. The array prototype a) Back view of the feed network b) Top view of the feed network c)
Assembled DRA array d) Measurements system.

As per the previous investigation, the human body is observed to have negligible impact
on the performance, therefore, all the measurements were conducted for the DRA array in free
space. The measurement system isgmied in Figure-30 (d). Figure3-31 demonstrates the
simulations and measurements for the arnaflection coefficientwhere it can be noted that
the measuredlO dB bandwidth is 8.16 GHz. In addition, good agreement was achieved between
the measured and simulated impedance bandwid@&%fand 28.4%, respectively. However,
there is a slimily difference in the curves, which may be the result of marginal fabrication and

experimental errors.
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Figure3-31. The simulated and measured |S11| of the DRA array.

The gain and axial ratio of the DRA array are presented in FigB8sand3-33, with
close agreement between measurements and simulations. The measured gain, however, was
marginally reduced to 13.7 dBic compared to a maximum simulated gain of 13.9 dBic at 28
GHz. This may be attributed to experimental errors as well as any géghtions in the
dielectric constant of the utilized materials. On the other hand, the measured AR bandwidth is

~13%, which is similar to the simulated counterpart.

89


















































































































































































































