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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 research introduces 

innovative millimetre wave (mmWave) DRA designs tailored for on/off-body communication 

needs. Among these designs are a wideband circularly polarised (CP) rectangular DRA with 

dual dielectric layers, enhancing robustness and radiation, and a low-profile 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 24-34GHz frequency range. Additionally, a novel 28 GHz CP 

rectangular DRA array has been designed, which exhibits impressive performance metrics, 

including a 29% impedance bandwidth, 13% axial-ratio bandwidth, and 13.7 dBic broadside 

gain at 28 GHz. Furthermore, the study presents a novel millimeter-wave rectangular DRA 

(RDRA) with an omnidirectional pattern. The degenerate TE121/TE211modes were excited at 

28.5 GHz with an overall internal electromagnetic field distribution that was similar to that of 

the HEM21ŭ 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 on/off-body communications. The 

research also introduces innovative millimeter-wave 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 body's presence has been 

investigated by using CST. The proposed designs were validated through measurements, 

demonstrating good agreement with simulations.  
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Chapter 1  

Introduction and Literature Review 

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 waveguide cavities because 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 antenna dimensions and material  [1, 2]. DRAs 

provide a range of significant benefits. Firstly, possess the unique capability to resonate in 

different shapes, allowing for design flexibility and customization. Additionally, DRAs are 

lightweight, ensuring ease of integration into compact devices. Also offer temperature stability, 

maintaining consistent performance across varying environmental conditions. Furthermore, 

DRAs are cost-effective, making them an affordable choice for wireless communication 

systems. Another advantage lies in the absence of metallic losses, which results in enhancing 

the radiation efficiency [3]. Their efficient energy radiation and dual functionality as both 

resonators and antennas contribute to their widespread use in modern electronic systems [4]. 

Figure 1-1 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 optimization based on 

specific application requirements [5, 6].  
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The size of the DRA is determined with respect the  to the wavelength ʇ Ѝ‐ϳ . where, ɚ0 

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 of fabrication. 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 dimensions: width (a), length (b), and 

height (h). 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 propagation 

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

point of excitation. [7]. 

 

Figure 1-1 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 coupling [8]. Microstrip-line feed, as presented 

in [9] where the suggested DRA is positioned on top of microstrip 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 
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networks to facilitate internet access [10]. Coaxial-probe feed, where in order to bring proper 

impedance-matching the coaxial cable height varied and appropriately fine as explored in [11]. 

Additionally, a rectangular waveguide has been investigated as a low-loss excitation 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 healthcare [13]. Table 1-1 provides examples of 

on-body devices along with their respective applications  [14]. These advancements highlight 

the increasing significance of body-centric wireless communication technologies and their 

potential to revolutionize diverse sectors. 

Table 1-1 Applications of on-body devices. [14]  

Field Applications 

Health Care Wearable Thermometer/Breast Cancer Detection/ Oximetry/ 

Wearable Doppler Unit/ GPS tracker/Endoscopy/Glucose monitoring 

Security and Rescue Life Jacket/ Helmet/ Rain coat/ Trackers/ E-shoes/Fitness bands 

Entertainment LED dress/ Smart watches/ intelligent shoes 

 

Body-centric wireless communications encompass the utilization of implantable and 

wearable wireless devices, facilitating human-self and human-to-human systems. This field 
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combines various wireless network concepts, including wireless body-area networks (WBAN), 

wireless personal area networks (WPAN), and wireless sensor networks (WSN) [15]. Off-body 

links refer to connections between external nodes located away from the human body and nodes 

positioned on the human body. Conversely, on-body links involve the reception and 

transmission of signals along the surface of the human body [16]. These distinctions are crucial 

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

 

1.2.1 Millimetre -wave on body and off body communication 

Millimeter-wave (mmWave) communication has gained significant attention due to its 

potential to revolutionize wireless communication systems. The need for mmWave 

communication in on-body and off-body scenarios arises from the demand for high data rates, 

low latency, and increased connectivity in emerging applications like wearable devices, 

healthcare monitoring, IoT, and beyond. Millimeter-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 millimeter [17, 18] 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, enabling high-speed 

communication crucial for applications that require real-time data transfer, such as healthcare 

monitoring or augmented reality systems .and can facilitate the development of next-to-body 

sensor systems equipped with specialized antennas [19]. These systems have  wide applications 

in the healthcare sector, enabling communications, monitoring, and energy assembly and 

storage [20]. Off/on-body wireless communications have emerged as a well-explored 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, the mmWave band allows for the development of compact antennas specifically 
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suited for off/on-body communications [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 next-to-body technologies, providing improved performance, and 

expanding the possibilities for seamless wireless communication in healthcare and other 

domains [22]. Dielectric Resonator Antennas (DRAs) 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 signals [3, 23]. 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 frequencies [2]. DRAs ensure minimal signal loss during transmission. 

Their low-profile nature is essential for on-body 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 on-body communication scenarios [24]. 

Millimeter-wave Dielectric Resonator Antennas (DRAs) have uniquely tackled 

challenges in on/off-body communication by enabling miniaturization crucial for wearable 

devices without compromising efficiency, mitigating signal attenuation caused by the human 

body or surrounding obstacles, and offering low-profile designs with directional capabilities, 

ensuring reliable links in on-body scenarios. Their adaptability across various frequencies 

within the mmWave spectrum allows for flexibility in meeting specific application 

requirements and regulatory standards, while their seamless integration into devices maintains 
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high performance, addressing the complex demands of on/off-body 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 (mm-W) frequency 

range has been considered due to the demand for high-speed 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 for next-to-

body devices. Additionally, blockages and increased propagation path losses in the mmWave 

range require the organization of cells into smaller macro-cells and pico-cells, accommodating 

the integration of machine-type and next-to-body devices into the current realm of tablets and 

smartphones. Exciting developments are expected in terms of data transfer growth, potential 

core network virtualization at cell edges, and advancements in the Internet of Things (IoT), 

creating a dense system of interconnected devices [26]. Next-to-body devices offer 

increasingly attractive solutions across various domains, from consumer electronics to medical 

and military applications. These devices are 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 fourth-generation (4G) 

networks. Furthermore, beamforming and beam configurability are expected to ensure spectral 

and energy efficiencies at both base station and smartphone levels, overcoming the limitations 

of current 4G systems [27-29]. The integration of next-to-body devices into 5G networks holds 

great promise for enhanced connectivity, improved performance, and expanded capabilities in 

future wireless communication systems. 
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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 data rates [30]. Additionally, 

low energy consumption is a crucial consideration [31]. 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 the body surface [32]. 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, thereby avoiding significant performance degradation [33]. 

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

can enhance antenna robustness against random variations in the body [34].  

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 great gain and efficiency 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, respectively [36]. Furthermore, 

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 body, simulating common body-mounted settings, 

despite experiencing detuning, pattern degradation, and a loss in efficiency in on-body 

locations with an antenna-body gap of 0 and 1 mm [37]. 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 
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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, these models 

simulate real-world scenarios to analyze the antenna's performance metrics like radiation 

patterns, impedance, and efficiency. Findings reveal that the human body's presence near 

DRAs causes a small signal attenuation. Such investigations inform strategies for mitigating 

these effects, ensuring optimal DRA performance in on-body 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 

frequencies [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 evaluation [39]. 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 on Non-

Ionizing Radiation Protection (ICNIRP), which sets a limit of 2W/kg for any 10g of tissue [39]. 

In the context of on-body 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 levels [40]. This highlights the need for further research 

and measures to address SAR concerns associated with on-body antennas. 
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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]. 

3!2 „ 
%Ὥ
ς

”
  7ȾËÇ 

where Ei is the strength of the incident electric field, ” is the tissue's mass density in kg/m3, and 

ů 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 guidelines are 

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. Since near-field exposure at mmWaves has 

only became a concern in recent years, these guidelines do not offer any dosimetric information 

or suggestions that could be applied to near-field exposure at mmWaves [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 

cost-effectiveness, there has been a growing interest in their utilization in wearable and Body 

Area Network (BAN) applications [45]. Numerous studies have been conducted on wearable 

textile antennas within BAN as offer flexibility and can be seamlessly integrated into clothing 
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[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 cotton [45, 46].  A textile end-fire array operating at 60 GHz has 

been proposed for wireless BAN, while the Yagi-Uda antenna has been studied using an 

equivalent tissue model representing the human body. The textile substrate's permittivity has 

been characterized, resulting in maximum measured on-body gain and efficiency of 11.9 dBi 

and 48.0%, respectively, when the antenna operates within the 57-64 GHz frequency range 

[47]. In another study focusing on the Industrial, Scientific, and Medical (ISM) 

communications range of 2.45 GHz to 6 GHz, a multi-band miniature patch antenna has been 

proposed using various electro-textile substrates [48]. The antenna incorporates a T-shaped 

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/f1g W/kg [48]. 

Additionally, a miniature wearable 2.5 GHz antenna has been suggested, fully implemented 

using textile materials. The antenna demonstrates a free-space gain of 4.2 dBi, reduced to 3.8 

dBi in the on-body scenario. The achieved impedance matching bandwidths are 4.8% in free 

space and 5.1% on-body [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 free-space gain decreases from 1.6 dBi to 1.2 dBi when placed on-body due to 

human tissue losses [50]. In medical applications, a microstrip rectangular patch antenna has 

been proposed utilizing different textiles as substrates with varying dielectric constants [51]. 

Furthermore, an Ultra-Wideband (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 main radiation 

characteristics of the antenna design have been presented [52]. Overall, textile materials 
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enhance the antenna's impedance bandwidth and provide a low dielectric constant, reducing 

surface wave losses [53]. 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 anisotropy [54]. 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 of next-generation 

wireless systems. In the context of 5G networks, a coplanar waveguide (CPW) fed T-shaped 

millimeter-wave antenna has been proposed by incorporating two variable resistors, the 

resonant frequency is adjusted to achieve matching within the frequency range of 23-29GHz 

[55]. Another study introduces a wearable CPW fed antenna backed by a 3 × 3 cell Flexible 

Fractal Electromagnetic Bandgap (EBG) surface. This configuration improves the ī10 dB 

bandwidth and gain by 40% and 3 dB, respectively. The measured realized gain without and 

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 GHz [56]. In another research, a flexible circuit board is utilized for 

millimeter-wave body-centric applications, with an overall antenna size of 14 × 10.5 × 1.15 

mm3. 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 dBi on-body and 10.6 dBi off-body, with a 

bandwidth of 9.8 GHz. Performance evaluation using a realistic numerical phantom 

demonstrates excellent performance when the antenna is positioned at a distance of 6 mm from 

the human body surface. The efficiency experiences a slight drop at on-body distances of 0 and 

1 mm [37]. Additionally, 3D printing has been demonstrated for the fabrication of conformal 

on-body antennas for various wrist-worn wireless telecommunications. The process involves 
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painting metallic layers and utilizing a single machine to fabricate both the bracelet and the 

metallic layer, employing a multistep approach [57].  

 

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 into right-hand circular 

polarisation (RHCP) and left-hand 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, represents a left-hand circular rotation, which is 

counter-clockwise [58]. 

Linearly polarised antennas are commonly utilized in BANs due to their ease of design 

and fabrication compared to circularly polarized antennas [59]. 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 impedance bandwidths simultaneously presents a challenge [60]. 

A novel CP textile antenna has been developed, demonstrating a 3-dB axial-ratio CP bandwidth 

of approximately 3% [61]. In another study, for 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 axial ratio [62]. In the 2.4 GHz Industrial, 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 off-body communication [63]. Another ISM band design is a compact circularly 
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polarised off-body antenna that operates in the 5.16ï6.13 GHz frequency, the proposed antenna 

has a high-permittivity substrate reflector for off-body radiation and is coplanar waveguide-

fed. It achieves steady radiation, 90% efficiency, a peak gain of 6.22 dBic, and a specific 

absorption rate (SAR) of 0.131 W/g [64]. Furthermore, a compact CP co-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%, with a -10 dB S11 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 human body [65].  

 

1.3.4 Challenges in on/off body communication were addressed through the designs of 

DRAs. 

In the realm of body-centric 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 alternative [66]. Because the 

Dielectric Resonator Antenna (DRA) consists entirely of dielectric material, it can achieve 

minimal losses even when operating at millimeter-wave frequencies, resulting in remarkably 

high radiation efficiency. These desirable characteristics position the DRA as an excellent 

choice for contemporary wireless systems [67]. 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 body-centric networks, can overcome the 

limitations associated with microstrip antennas and unlock new possibilities for efficient and 

reliable wireless communication in wearable devices and on-body applications [68]. 
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1.3.5 Body-Centric Dielectric Resonator Antenna 

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 broadband DRA [69]. In 

another investigation, a DRA is introduced in the form of a wearable button structure, utilizing 

a microstrip feed on an FR4 substrate [70]. Additionally, a compact DRA with a four-line 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 dBic [71].  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 TE1ŭ3
y higher-order mode is 

reported for off-body communications, demonstrating respective impedance and AR 

bandwidths of 20.7% and 9.6% [68]. In [73] a mmWave circularly polarized DRA is proposed 

as a wristwatch, exciting the resonance modes of TE113 and TE115 at 25 GHz and 29 GHz, 

respectively, in free space. However, when placed on the equivalent wrist, only the TE115 

resonance mode is excited at 27.5 GHz. Higher-order mode DRA operation offers higher gain 

at the expense of a narrow bandwidth, which can be addressed through the utilization of a 

multilayer structure [74].  By incorporating a dielectric coating layer with a relative permittivity 

of Ůr2, a transition region is created between the DRA and free space, significantly enhancing 

the radiation characteristics [74]. 

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 of the off-body DRA 

with the on-body counterpart that was placed on a rectangular phantom with human dielectric 

properties. A gain of 5.4 dBi has been accomplished at 5.8 GHz for on-body 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 a multi-segment 

dielectric. The antenna has achieved matching over a frequency range of 4.4-9.7 GHz [76]. An 

alternative study  a slot-fed DRA with a modified T-shaped feed line  at different resonant modes 

[77]. The antenna achieved matching from 1.67-6.7 GHz with a gain of 8.7 dBi. A 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 

proposed [78].  In order to avoid performance degradation, analysis of the watchband-like 

substrate has been considered and  user effects were investigated [79]. One 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 this issue [80].   

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 body losses a microstrip 

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 directions [81]. An alternative design of a finger ring antenna has 

been proposed in [82] as a circular phased antenna array for 28 GHz 5G communication 

systems. The design has been tested in free space and on phantom hand. For on-body results 

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 

antennas [83] as well as sequentially rotated CP DRA array [84]. Furthermore, G-shaped 

monopoles have been utilized in a MIMO antenna with wideband impedance and CP 

bandwidths [85]. In [86] a dual polarised, multiband four-port decagon shaped flexible MIMO 
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antenna has been proposed. Another MIMO antenna with wideband impedance and circular 

polarisation bandwidths has been proposed in [87]. Moreover, various publications have 

examined the effectiveness of cross-slot feeding to achieve CP radiation by exciting two 

degenerate DRA resonance modes with equal amplitudes and 90° phase difference with a wide 

CP bandwidth [73, 88, 89].  

 

1.4 Millimetre -wave DRA Arrays 

Dielectric resonator antennas have undergone extensive research over the recent decades 

[90, 91]. Therefore, DRAs represent ideal candidates for wireless communication systems, 

especially those that operate in the mmWave band. Traditional microstrip antennas, on the other 

hand, exhibit substantial surface-wave and ohmic losses at high frequencies, which drastically 

deteriorate the radiation efficiency [92, 93]. MmWave DRA arrays' have been utilized in a 

number of research studies [92, 94-99]. For example, a 2 × 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%, respectively [92]. An aperture-coupled 2×2 DRA array has 

been reported when each cylindrical DRA element operates in the (%-  resonance mode, 

which leads to a gain of 11.43 dBi as well as an impedance bandwidth of 26% [94]. In addition, 

a monolithic polymer-based 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 12% [95]. Another study has proposed a 1×8 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 2×2 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 5% [97]. 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 28.72 GHz [98]. 

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 elements [98]. 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 gain [92, 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 and multi-band operation 

as well as pattern diversity. DRAs have the potential of addressing these requirements due to 

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 radiation [74, 100-102]. 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 on-body communications as well as device-to-device short 

distance communications [103]. Therefore, several studies have been reported on the design 

of mmWave omnidirectional antennas [104, 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%  and 4-  resonance modes at 3.87 GHz and 4.02 GHz, respectively, using a central 

coaxial probe feed [106]. Besides, a multi-band multi-sense circularly polarized hybrid 

patch/DRA omnidirectional antenna was reported by exciting the 4-  and 4-  resonance 

modes for the patch at 2 GHz and DRA at 2.6 GHz, respectively [107]. 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 excite the 4-  and 4-  DRA 

resonance modes at 2.19 GHz and 3.37 GHz, respectively [108]. Further, a coaxial probe-fed 

omnidirectional hemispherical DRA was proposed by exciting the 4-   resonance mode at 

3.7 GHz [109]. Another probe-fed omnidirectional hemispherical DRA was designed for 

wireless capsule endoscope system by exciting the 4-  and 4%  resonance modes for 

multi polarization at 2.45 GHz [110]. Moreover, a probe-fed omnidirectional rectangular 

DRA with a square cross section has been designed by exciting the quasi-TM011 mode at 2.4 

GHz for linear and circular polarizations [111]. Furthermore, innovative rectangular multi-

function glass DRAs were reported with the capability of achieving linearly and circularly 

polarized omnidirectional radiation patterns by exciting the quasi-TM011 mode at 2.4 GHz 

[112]. Similarly, the higher-order degenerate 4% and 4%  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 probe-fed omnidirectional rectangular DRA was 

proposed, where the 4% and 4% resonance modes were excited at 3.5 GHz together with 

the 4% and 4% resonance modes at 5.8 GHz [114].  

It should be noted that in all the above-mentioned studies, omnidirectional radiation has 

been attained using a centrally located coaxial feeding-probe 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. For example, an 

omnidirectional cylindrical DRA with a planar feed of shorted microstrip cross has been 

demonstrated by exciting the 4-  and 4-  resonance modes at ~2.4 GHz to achieve 

circular polarization diversity [115]. The first attempt to utilize a ring slot aperture to feed an 

omnidirectional cylindrical DRA was proposed by exciting the 4-  fundamental resonance 

mode at 2.4 GHz [116]. Furthermore, a pattern diversity cylindrical DRA has been proposed 

using a meander line-loaded annular slot to excite the TM01ŭ mode in combination with a 

differential strip to excite the HEM11ŭ for omnidirectional and broadside radiations, 

respectively, at 2.4 GHz [117]. Moreover, four linear stubs have been utilized to excite the 

4-  and 4-  resonance modes of omnidirectional cylindrical DRA to achieve circular 

polarization at 5.8 GHz [118]. In a more recent study, arced-aperture feeding was employed 

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

the excited TM01ŭ and TM02ŭ resonance modes at ~ 5.8 GHz [119]. 

 

1.6 Definition of the Research Problem 

The large size of a DRA poses a challenge for their on-body 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 is 

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 employed to explore 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 free space environment. This 

research contributes to the design of mmWave antennas suitable for both off/on-body 

applications, incorporating desirable features such as low profile, high gain, wide bandwidth, 

and flexible orientation. Furthermore, an omnidirectional mmWave DRA of any shape has not 

been reported previously, due to the obstacle of using the coaxial-cable 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 off/on-body applications. In order to accomplish this 

primary goal, specific objectives have been established: 

¶ Introduce innovative designs of single-element rectangular DRAs for off-body 

applications.  

¶ Enhance the gain of the rectangular DRA by increasing the number of elements in the 

array configuration. 

¶ For on-body 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. 

¶ 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 modifications. 
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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/off-body communication but also introduces innovative designs to 

enhance their performance. These designs encompass coated rectangular DRAs, DRAs situated 

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 array configurations 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 challenge particularly 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 designs, 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 on/off-body communication 

in millimeter-wave scenarios. 

 

1.9 Thesis Outline 

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 of a single-element rectangular DRA to 

optimise their performance and efficiency for reliable wireless communication in off-body 

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 off-body applications with CP radiation and high gain. Good 

agreement between simulated and experimental results. 

Chapter 4: Presents a multi-band mmWave DRA designed for off/on-body communications. 

The antenna achieves broadside and omnidirectional radiation using a planar-feed 

configuration, allowing for reliable wireless communication across multiple frequency bands. 

The practical measurements validate and support the simulation results obtained. 

Chapter 5: Presents a dual-band mmWave Cylindrical and Hemispherical DRAs designed for 

off/on-body communications. A close agreement 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  

Low-profile Circularly Polarized Rectangular 

Dielectric Resonator Antennas for mmWave 

Off-Body Applications.

2.1 Introduction.  

In the fast-growing field of off-body communications, the need for high-performance 

antennas operating in millimeter-wave (mmWave) frequency bands has grown significantly. 

These antennas play an important role in enabling efficient wireless communications between 

various off-body devices [120, 121]. In the framework of off-body communications, novel and 

new designs of a low-profile wide bandwidth circularly polarised DRA have been proposed for 

mmWave applications. It is well-known that circularly polarized antennas offer various benefits, 

including eliminating the need for alignment between transmitting and receiving antennas, thus 

providing orientation independence, reduced fading, improved coverage, less interference, 

smaller form factors, and simplified integration. These advantages ensure reliable performance 

and user safety  [122]. The aim of the proposed antenna designs is to address the challenges 

associated with off-body communications. The low-profile ensures compactness and aesthetic 

appeal, making it suitable for integration into wearable devices or other off-body 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 harnessing the unique properties of the 

proposed designs, enhanced connectivity and efficiency in various off-body 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 efficient off-body mmWave 

antennas.  Therefore, this Chapter presents three different designs of off-body rectangular 
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DRAs. The first proposed antenna is a two-layered rectangular DRA operating at 24 GHz. The 

second design is a rectangular DRA with a grooved ground plane, for easy alignment and 

assembly at 28GHz.  Finally, a wristwatch mmWave DRA. The chapter review is illustrated in 

Figure 2-1. 

 

 

 

 

 

 

 
Figure 2-1 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 

waveguides 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 devices [123]. 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 electromagnetic field along the cross-sectional axes of the 

waveguide. For example, TE10 represents a mode with a single half-wave variation along one 

axis and no variation along the other. TM Modes (Transverse Magnetic) TM modes feature a 

magnetic field component that 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 cross-sectional axes of the waveguide. The 

Millimeter-wave DRA for off-

body communications 

DRA with Groove ground 

plane 

Two layered DRA Wristwatch DRA 
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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 propagation (parallel 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 z = 0, which conflicts with the boundary conditions. 

Additionally, the DRA's size and permittivity affect each TE and TM mode's resonance 

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

 

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

The dielectric waveguide model DWM can be utilized in order to calculate the resonance 

frequency of TEmnp modes of single DRA [126]. 
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Where c is the speed of the light and ɚ0 is the wavelength in free space. Hence the 

resonance frequency modes can be calculated as: 
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Moreover, the magnetic field distribution of the RDRA can be expressed with respect to 

the DRA dimensions of a, b and h as: 
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In order to investigate the effect of the DRA dimensions and Ůr on the resonance 

frequencies of the modeôs equation (2.6) was solved numerically using MATLAB. Examples 
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were listed in Table 2-1 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 presence of the feed network in 

the simulations. 

Table 2-1 Dielectric constant and rectangular DRA dimensions' effects on modes 

RDRA size 

(mm3) 
er f0 GHz 

(MATLAB)  

f0 GHz 

Simulated 

f0 GHz Eigen 

mode solver 

Resonance 

mode 

4 x 4 x 5 10 26.6 27 26.63 TE115 

5 x 5 x 6 12 26.8 27 26.686 TE117 

8 x 5 x 4 15 34.3 35 34.2369 TE155 

 

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 Table 2-2, for a given 

resonance frequency, the DRA dimensions need to be larger to excite a higher-order mode. For 

instance, the volume of a DRA stimulated in the TE119 mode is 7.34 times larger than the 

volumes required for exciting the TE113 mode and 1.8 times larger than the volume needed for 

exciting the TE117 mode, with a permittivity of 9.9 in all three examples. 

Table 2-2  Rectangular DRAs of various dimensions functioning in the resonance modes of TE113, TE117, and 

TE119 

The RDRA size (mm) TE Resonance mode Resonance frequency (GHz) Volume (mm3) 

3.5× 3.5× 4 TE113 23.4 49 

5×5×8 TE117 23.3 200 

6×6×10 TE119 23.6 360 

 

 Displayed in Figure 2-3 (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 magnetic and the victor fields distribution of modes TE113, TE117, 

and TE119 are illustrated in Figure 2-3 (b-d). The resonance frequencies obtained from MATLAB 

display slight discrepancies when compared to the simulated frequencies. As mentioned early 

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

attention 

 

(a)                                                                              (b)  

 

                                                          (c)                                                               (d) 

Figure 2-3 (a) MATLAB code for TE113 at 22.7GHz (b) Magnetic field of the TE113, at 23.4GHz (c) 

Magnetic field of the TE117, at 23.3GHz (d) Magnetic field of the TE119, at 23.6GHz. 

 

By leveraging Dielectric Waveguide Modes (DWM), then 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) dimensions and relative permittivity (Ůr) are specified 
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based on DWM considerations, Figure 2-4 shows the current density of TE113, TE117, and TE119. 

 

                               (a)                                                 (b)                                               (c) 

Figure 2-4 The current density of the feed network (a) TE113, (b) TE117, and (c) TE119 

The reflection coefficient is in Figure 2-5, 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 that includes an etched rectangular slot with a width of ws = 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 TE113, TE117, and TE119 resonance modes are 5.7%, 2.9%, and 2.6 %, 

respectively. 
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Figure 2-5 |S11 of rectangular DRAs excited in the TE113, TE117 and TE119 resonance modes. 
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Figure 2-6 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 higher-order modes. Therefore, for the case 

of a RDRA size of 3.5 mm × 3.5 mm × 4 mm, an example of various dielectric constants has 

been simulated, and their effects on the resonant frequency are  illustrated in Figure 2-6, where 

it can be noted that as long as the permittivity increased, the resonant will be shifted to the lower 

frequency [127].  

The aperture-coupled feed, whether Slot feed or aperture-coupled 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 line or probes, 

ensuring a focused excitation in the DRA. Typically, the slot's length measures around half the 

wavelength (ɚ/2) [125]. Moreover, 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 length-optimized 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 enhances resonance 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 S11, axial ratio, gain, and radiation patterns. The Alumina DRAs and feed 

networks were fabricated by T-ceramics [128] and Wrekin [129], respectively. All 

measurements were carried out using the UKRI National Millimetre-Wave Facility [130], these 

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

2.3.1 Reflection Coefficient Measurements 

The N5245B vector network analyser (VNA) was used to measure the return losses. To 

begin, the connection of the N5245B VNA was established using suitable 50ɋ coaxial cables 

and connectors, including connector 2.4mm. The calibration procedure is performed to 

eliminate any potential measurement errors and ensure accurate results.  

2.3.2 Far-field Measurements. 

The NSI-MI Technologies system was utilized in conducting the far-field measurements. 

By employing this specialized measurement system, various parameters, including the radiation 

patterns and gain were accurately measured and visualized. To cover the elevation angle range 

of ɗ = -90Á to ɗ = 90Á, the arm of the NSI-MI spherical system was set up to rotate across the 

upper hemisphere. In order to determine the axial ratio, the right and left-handed electric field 

components ER and EL which are given as [131]: 
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A reference horn antenna was utilised at the receiving end as part of a comparison method 

to measure the gain. The DRAôs gain could be calculated using the following equation from the 

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 of Ůr = 9.9 and a loss tangent of 0.0001. Its dielectric resonator 

is shaped as a rectangular structure with an equal length and width l1 = w1 = 6 mm, and a height 

of 1.7 mm, making it compact and suitable for integration in small-sized devices. The proposed 

antenna presents in Figure 2-7.  

 

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

Figure 2-7 Geometric of single DRA 
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2.4.1.1 Aperture Shapes for Circular Polarization in Antenna Systems 

Various aperture shapes, including the cross-slot, 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, operating frequency, and desired 

polarization characteristics. The cross-slot configuration was selected due to its efficiency in 

operating at millimeter-wave frequencies [89, 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 substrate are L = 

25mm, W = 27mm and hs = 0.3mm. At the top of the substrate, there is a ground plane, which 

includes an etched cross-slot to ensure proper impedance matching and enhance the antenna's 

bandwidth, the cross-slot arms have the same width of ws = 0.7mm and different lengths of ls1 

= 3.7 mm and ls2 = 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 lt =15.5mm width of wt = 0.5mm. Moreover, optimum matching has been achieved using a 

microstrip stub with a length of lstub = 1.1mm. The effect of the length stub on the return loss is 

demonstrated in Figure 2-8. 

Frequency (GHz)

14 16 18 20 22 24 26 28 30 32

S
1
1
 (d

B
)

-40

-30

-20

-10

0

l
stub

 = 0

l
stub

 = 0.5mm

l
stub

 = 1.1mm

 

Figure 2-8 Stub length's effects on DRA return losses. 
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Figure 2-9 Geometry of the proposed layered DRA. 

In this section, an outer waterproof dielectric layer used as a dielectric 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 identify the DRA position precisely. As 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 rectangular DRA.  Therefore, the CST Eigenmode solver was utilised to determine 

the modesô resonance frequencies [89]. Figure 2-9 illustrates the proposed layered DRA, 

Furthermore, the outer coat layer has been 3D printed using polyimide with respective dielectric 

constant and loss tangent of 3.5 and tan ŭ < 0.0027. 

Figure 2-10 illustrates 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 bandwidth extends from 14 to 

30.8 GHz, which corresponds to a -10 dB S11 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 relative permittivity of Ůr2, generates  a transition region 

between the DRA and free space, which improves the radiation characteristics significantly [74].  
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Figure 2-10 Reflection coefficient of a single and two-layer DRAs. 

 

Increasing the dielectric constant has the effect of raising the radiation Q factor, 

consequently narrowing the antenna bandwidth [133]. 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 an increased bandwidth for the antenna. Furthermore, the radiation 

quality factor can be used to express the antenna impedance bandwidth as follows [133, 134] : 
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In which S is the maximum desired VSWR value. Where, the radiation Q factor can be 

calculated as follows using the closed-form formula found in [135] for the stored energy and 

radiated power of rectangular Dielectric Resonator Antennas (DRAs): 
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Figure 2-11 Gain and axial ratio of a single and two-layer DRAs 

 

Figure 2-12 Radiation pattern of a single and two-layer DRAs 

 

The broadside gain and axial ratio are illustrated in Figure 2-11, 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 pattern has improved with 

the coat as shown in Figure 2-12.  

 

Table 2-3 Human body parameters at 24GHz[136] 

 Relative 

Permittivity  

Density (kg/m³) Conductivity 

[S/m] 

Thickness 

[mm] 

Skin 19 1109 22.8 1 

Fat 6.51 911 4.42 2 

Muscle 27.4 1090 29.4 10 

 

In order to investigate the impact of the proximity of human body on the antennaôs 

performance, the DRA was mounted on three-layers of humanôs tissue model.  The utilized 

parameters to simulate the phantom are listed in Table 2-3 and the simulated tissue layers are 

illustrated in Figure 2-13, using a size of 100 mm × 45 mm × 13 mm3. 

 

Figure 2-13 The proposed layered DRA above the body phantom 
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Figure 2-14 |S11| a layered DRA placed next to a phantom. 

Frequency (GHz)

18 20 22 24 26 28

A
x
ia

l 
R

a
ti
o

 (
d
B

)

0

2

4

6

8

10

12

Free Space

d = 1mm

d = 2mm

d = 3mm

G
a

in
 (

d
B

ic
)

 

Figure 2-15 Gain and axial ratio of a two-layer DRA placed next to a body phantom. 

Figure 2-14 illustrates the return losses when the antenna is placed next to the phantom at 

various distances of 1mm, 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 ground plane between the 

antenna and the simulated tissue layers. The same impact was observed for the far field 

parameters as illustrated in Figure 2-15, where it can be noted that almost identical gain and AR 

bandwidth has been achieved for various separation distances between the antenna and human 

tissue.  

 

                                           (a)                                                                       (b) 

Figure 2-16 The SAR of the proposed DRA with various input power levels for a 1g tissue; (a) 15 dBm, (b) 18 

dBm 

 

(a)                                                                             (b) 

Figure 2-17 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 Figures 2-16 and 2-17. 

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, exploring dimensions of 15 x 15mm, 25 x 27mm, and 40 x 40mm. 

 

(a) Ground plane 15 x 15 mm               (b) Ground plane 25 x 27 mm                         (c) Ground plane 40 x 40 mm 

Figure 2-18 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 figure 2-18. 

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 extremely thin 

adhesive copper tape, as shown in Figure 2-19d.  Once the DRA is bonded to the feed network, 
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the holder can be pulled out leaving the prototype shown in Figure 2-19e, which can be 

measured without any alignment issues.  

 

Figure 2-19 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 
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Figure 2-20 Measured and simulated |S11| of the layered DRA. 
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Figure 2-21 The measured gain of the layered DRA. 
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Figure 2-22 The measured axial ratio of the layered DRA 
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Figure 2-20 demonstrates 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. Figures 2-21 presents 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 measured CP bandwidths are in 

reasonable agreement with each other as illustrated in Figure 2-22, where 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 slightly fallen to 8.91dBic. These marginal discrepancies are 

expected due to the experimental and fabrication tolerances and other factors such as the SMA 

soldering and any uncertainty in the utilized dielectric permittivity.  
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            (a) E-plane                                                                     (b) H-plane 

Figure 2-23 The measured far field patterns of the layered DRA at 24GHz. 

The E-plane and H-plane radiation patterns were measured at 24GHz as illustrated in 

Figure 2-23, where it can be noted that close agreement is achieved between simulated and 

measured far field patterns. the DRA radiates a right-hand circular polarization (RHCP) wave 
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since ER is greater than EL. The magnetic field distribution inside the DRA is presented in Figure 

2-24, where it can be noted that the TE111, TE131, and TE331 resonance modes were excited at 15 

GHz, 24 GHz, and 29.5 GHz respectively.  

 

 

             (a)  xz plane of TE111 at 15 GHz                    (b) yz plane of TE111 at 15 GHz 

 

                   (c)  xz plane of TE131 at 24 GHz                        (d) yz plane of TE131 at 24 GHz 

 

                    (e)  xz plane of TE331 at 29.5 GHz                     (f) yz plane of TE331 at 29.5 GHz 

Figure 2-24 Magnetic field distribution inside the layered DRA. 

Table 2-4 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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Table 2-4 Comparison of the layered-DRA performance against that of published counterparts 

Ref DRA configuration DRA dimension 

(mm) 

S11 BW (%)  Gain (dBic) AR BW (%)  

[71] Rectangular 5.85 × 5.85 × 4.8 11.7 8.5 3.9 

[137] Modified rectangular 10.2 × 10.27 × 15 66.2 7.5 15 

[68] Rectangular 8 × 12 × 15 20.7 5 9.6 

This work Layered Rectangular 8 × 8 × 5 75 8.91 26.7 

 

2.5 Dielectric Resonator Antenna with Grooved GP

In this DRA design, a grooved ground plane has been utilized to address the alignment 

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

body communications at the desired frequency of 28GHz. 

 

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

Figure 2-25 Geometry of the proposed DRA. 

 

Figure 2-25 demonstrates the proposed antenna configuration. Once more, the DRA was 

simulated and fabricated using Alumina with a loss tangent of tan ŭ < 0.0001 and a dielectric 
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constant of Ůr = 9.9. The DRA size was determined using the dielectric waveguide model 

(DWM) as ldr = wdr = 5.2 mm and h = 2.9 mm [138]. Furthermore, the Rogers substrate, 

Ro4350B, was used in the feed network, with a loss tangent of tanŭ=0.0027 and a dielectric 

constant of 3.66. The substrate dimensions are L = 19mm, W = 21 mm and hs = 0.254mm. A 

microstrip feedline was added at the lower side of the substrate, with a length of lt =10.5mm and 

a width wt = 0.45m. The cross-slot arms have distinct lengths of ls1 = 1.7 mm and ls2 = 3.2 mm 

with identical widths of w=0.35mm. Additionally, an optimum matching was accomplished by 

utilizing a microstrip stub with a length of lstub = 1 mm. It should be mentioned that a rectangular 

DRA supports multiple TEmnp resonance modes when placed above a metal ground plane. The 

modesô resonance frequencies can be determined using the DWM. It should be noted that the 

aforementioned DRA dimensions support the TE111, TE113and TE133 resonance modes at 25 

GHz, 27 GHz and 30 GHz, respectively. The second ground plane has square cavity is bigger 

than the DRA by 50µm, l2 = w2 =  5.25mm.The modelled layers of the human body tissue are 

illustrated in Figure 2-26 using a size of 45 × 45 × 13 mm3, where the thickness of the skin is 

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

according to [136] at 28GHz. 

 

Figure 2-26 The proposed DRA above the body phantom. 
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Figure 2-27 |S11| of CP DRA placed next to a phantom. 
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Figure 2-28 Gain and axial ratio of a CP DRA placed next to a body phantom. 

 

Figure 2-27 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 demonstrates a marginal 
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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 can be noted that 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 Figure 2-28. The tested SAR of the proposed 

DRA has meet the requirement of both standers of 1.6 W/kg for (1) g of tissue and 2 W/kg for 

(10) g of tissue as illustrated in Figures 2-29 and 2-30. 

 
   (a)                                                                                   (b) 

Figure 2-29 The SAR of the proposed DRA with various input power levels for a 1g tissue; (a) 15 dBm, (b) 18 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                     (b) 

Figure 2-30 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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Figure 2-31 a) centered DRA, b) DRA shifted to the left by 25 µm. c) DRA shifted towards top by 25µm, d) 

DRA shifted to the bottom by 25µm. 

Prior the fabrication, and to fix the alignment issue, a second ground plane with a hallow 

square cavity was utilized as illustrated in Figure 2-31, where it can be noted that the square 

cavity is bigger than the DRA by 25µm 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 study the effects of any misalignment that can be caused if the DRA is 

shifted from the center as illustrated in Figures 2-31 b-e.  
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Figure 2-32 |S11| of DRA for various misaligned positions 
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Figure 2-33 Gain and AR of DRA for various misaligned positions. 

Figure 2-32 illustrates the simulated reflection coefficient when the DRA is precisely 

centered at the hollow cavity or shifted by 25 ɛm along either the x or y axes.  However, from 

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 Figure 2-33, where the achieved gain of 8.7dBic at 28 GHz and CP bandwidth 

of 14% were maintained for the potential misaligned DRAs. The lower resonance mode of TE111 

has been excited at 25 GHz together with two higher order modes of TE113 and TE133 at 27 and 

30 GHz, respectively. The proposed ground plane groove was included in the simulations as 

illustrated in Figure 2-34. 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 

together by sandwiching a 63-micron-thick pre-preg layer in-between. Additionally, a similar 

square cavity slot was created in the pre-preg dielectric layer also so that the DRA can be placed 

directly above the cross-slot 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 Figure 2-35, with impedance bandwidths of ~29% in both instances. The 

agreement between simulations and measurements demonstrates the effectiveness of the 

employed alignment technique.  
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Figure 2-35 The measured and simulated |S11| of the CP DRA on a grooved ground plane. 
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Figure 2-36 The measured gain of the CP DRA on a grooved ground plane. 
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          (a) E-plane                                                                         (b) H-plane 

Figure 2-37 The simulated and measured Normalized radiation patterns at 28GHz for a CP DRA above a 

grooved ground plane. 
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Moreover, Figure 2.36 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 dBic. Figure 2-37 presents the simulated and measured E- and H-planes radiation 

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

antenna radiates a RHCP wave. 
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Figure 2-38 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 Figure 2-38, where it can be noted that the simulated and measured AR bandwidths 

are 14% and ~13.5%, respectively. From Table 2-5 it 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 dielectric coat [74].   

Table 2-5 Comparison of the performance of a DRA on a grooved ground plane with published counterparts 

Ref DRA 

configuration 

DRA dimension 

(mm) 

S11 BW (%)  Gain (dBic) AR BW 

(%) 

This 

work 

Rectangular 5.2 × 5.2 × 2.9 29 8.7 13.5 

Pervious 

section 

Layered 

Rectangular 

8 × 8 × 5 75 8.91 26.7 

[68] Rectangular 8 × 12 × 15 20.7 5 9.6 

[71] Rectangular 5.85 × 5.85 × 4.8 11.7 8.5 3.9 

 

 

2.6  A Wristwatch Dielectric Resonator Antenna 

Another DRA configuration that is suitable for off-body communications is demonstrated 

in Figure 2-39 (a) with the top view of the configuration illustrated in Figure 2-39 (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 a stub  at the end of the 50Ý microstrip line that has 

respective width and length of wt = 0.4 mm and lt = 10 mm. The cross-slot width and lengths are 

ws = 0.43 mm, ls1 = 4 mm and ls2 = 2 mm. 

 

Figure 2-39 The proposed wristwatch DRA a) Oblique view b) Top view. 
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Figure 2-40 The wristwatch DRA on the equivalent wrist. 

A curved DRA and substrate, with respective dielectric constants of Ůr = 9.9 and Ůs = 3.5 were 

utilized. The DRA size was chosen as 5 × 5 × 2.9 mm with an 18 × 20 mm2 conformal ground 

plane.  The radii of the elliptical substrate are 20 mm and 35 mm with a thickness of 0.3 mm as 

shown in Figure 2-40.  In order to study the human bodyôs impact on the antenna performance, 

the ground plane width has been varied from 20-50 mm, in 10 mm steps. This was implemented 

in free space and on-wrist. Figure 2-41 illustrates the return losses of the wristwatch DRA for 

various sizes. It can be observed that -10 dB S11 bandwidth of ~ 27% was achieved for all ground 

plane sizes.  
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Figure 2-41 |S11| of a wristwatch DRA in free space with different ground plane sizes 
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Figure 2-42 Gain of a wristwatch DRA in free space using different ground plane size 
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Figure 2-43 Axial Ratio of wristwatch DRA in free space with different ground plane sizes. 

Figure 2-42 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 × 20 mm. The polar view of the far-field patterns is 



57 

 

 

illustrated in Figure 2-44, where it can be noted that the DRA radiates a RHCP wave since the 

ER component is greater than the EL counterpart by ~20dB. Additionally, the antenna offers a 

broadside radiation, which is suitable for off-body communication.  
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(a)                                                                                  (b) 

Figure 2-44  Far field pattern of wristwatch DRA in free space at 28GHz; a) E- plane and b) H- plane. 
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Figure 2-45 |S11|  of DRA on-wrist with different ground plane sizes 
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Figure 2-46 Gain of on-wrist DRA with different ground plane sizes. 
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Figure 2-47 Axial ratio of on-wrist DRA with different ground plane sizes. 

A three-layer elliptical cylinder was considered to model the wrist with the layers 

correspond to skin, fat and muscle Figure 2-40. The dielectric characteristics of the body 
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parameters at 28 GHz have been used according to those [136]. For the case of a DRA placed 

on the wrist, an impedance bandwidth of ~19% was achieved without any impact by the ground 

plane size as illustrated in Figure 2-45. The attained free space gains of over 9 dBic was 

sustained even in the presence of the wrist, as illustrated in Figure 2-46. Furthermore, Figure 2-

47 depicts an axial ratio (AR) bandwidth of approximately 10.7% across the frequency span of 

28.9-32.2 GHz, achieved with minimal deviations in relation to ground plane sizes. The 

inclusion of the wrist reduces 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 the ground plane, 

as well as the curved ground plane and DRA. It should be noted that the proposed DRA offers 

the lowest profile compared to the reported on-writs DRA designs reported in the literature as 

shown in the compared table 2-6, with a considerably wideband operation and a high gain. 

Figure 2-48 presents the ER and the EL components that remain almost as in free space where 

RHCP wave is radiated.  
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(a)                                                                          (b) 

Figure 2-48 Far field pattern of the on-wrist DRA at 28GHz; a) E- plane and b) H- plane. 
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Table 2-6 Comparison  of the performance of the wristwatch DRA against published counterparts 

Ref DRA size (mm) Ůr S11 BW (%)  Gain (dBi) AR BW (%)  

[78] 22 x 10 x 4 9.8 18.4 5 LP 

[79] 55 x 27 x 10 12.3 19 5.15 LP 

[139] 22 x 10 x 4 9.8 15.3 5.21 LP 

This work 5 x 5 x 2.9 9.9 19 9.42 10.6 

 

2.7 Conclusion 

This Chapter proposed three low-profile configurations of mmWave DRAs for off-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% impedance bandwidth, 

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 antennaôs 

performance and robustness were improved. In the second design, an impedance 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 DRA-feed misalignment. The third design presents 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 slightly reduced the impedance and axial ratio bandwidths to 

19% and 10.6%, respectively. The circular polarization feature 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 low-profile solutions with impressive radiation 

characteristics and circular polarization, which make them well-suited for wearable mmWave 

DRA. However, the maximum gain is only achieved at a specific frequency. To overcome this 

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 Polarized mmWave Dielectric-

Resonator-Antenna Array for Off-Body 

Communications 

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 directional communication and 

interference rejection [140-142]. 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. This makes arrays 

well-suited for applications that require long-range communications or coverage over a wide 

area.  

In this Chapter, a rectangular DRA element was used to design a 2×2 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 to the source. 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 order to overcome 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 Design Methodology. 

A single DRA element was developed first to operate at 28 GHz. The parameters of the 

proposed DRA array were set based on mmWave off-body communication requirements, such 

as low-profile, wideband, and high gain. The proposed antenna was simulated in free-space as 

well as on top of a three-layer model of a human tissue to investigate the effects of the human 

body on performance.  

3.3 A Single DRA Element. 

Figure 3-1 illustrates the antenna configuration, with respective dielectric constants and 

loss tangents of Ůr = 9.9, tanŭ < 0.0001 and Ůs = 3.66, tanŭ < 0.0027 for the DRA and substrate. 

The DRA dimensions were  determined using the dielectric waveguide model (DWM), as well 

as CST Eigenmode solver for calculating the resonance frequencies of the ὝὉ  resonance 

modes [138]. 

 

Figure 3-1 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 extension (lstub) with a recommended 

initial value of 0.25ɚg, where ɚg is the guided wavelength. The cross-slot was fed using a 50ɋ 
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microstrip line. The choice of the cross-slot arm lengths and widths are crucial for maximizing 

the impedance and AR bandwidths [144]. The lengths of the 1st and 2nd cross-slot 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.  

  ὰ  
Ȣ

σȢρ   

‐  σȢς      

ύ πȢςὰ σȢσ      

Where Ůr and Ůs are the dielectric constants of DRA and the substrate. 

The best start points of the stub extension ὰ  is: 

ὰ  σȢτ      

In addition, the higher-order modes of ὝὉ , ὝὉ  were simultaneously excited at 27 

GHz and 30 GHz, respectively. Table 3-1 presents the resonance frequencies of the transverse 

electric (TE) modes that are supported by the designed DRA within the considered frequency 

range. 

 Table 3-1. Resonance frequencies 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 

maintaining reasonable radiation characteristics.  
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Figure 3-2. Reflection coefficient of various height of the DRA 
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Figure 3-3. Gain of DRA with various heights. 

Figure 3-2 shows the impedance bandwidth in different DRA heights, the 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 resonator, rather than 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 intended resonant 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 criteria. The broadside gain is 

illustrated in Figure 3-3, 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 Figure 3-4, where 

CP radiation was achieved with a 3dB AR bandwidth of 16% at a height of 2.9mm.  
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Figure 3-4. Axial ratio  of DRA with various heights. 

The far-field (polar view) patterns at the target frequency 28GHz at DRA height 2.9mm as 

clarified in Figure 3-5, where it can be noted that the DRA radiates a right-hand circular 

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

Figure 3-5. E- Plane and b) H- Plane 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 Table 3-2. 

Table 3-2. Parameters of the proposed single DRA element.  

Parameters Value (mm) Description 

wdr 5.2 DRA width 

ldr 5.2 DRA length 

hdr 2.9 DRA height 

L 19 Length of ground plane 

W 21 Width of ground plane 

hs 0.254 Substrate height 

l t 10.5 Length of microstrip line 

wt 0.45 Width of microstrip line 

lstub 1 Stub length 

ls1 1.7 Length of the first slot 

ls2 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 three-layers tissue model.   

 

Figure 3-6. A single DRA element above the body phantom. 

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

Tissue Skin Fat Muscle 

Relative Permittivity 16.55 6.09 24.43 

Density [ὯὫȾά ] 1109 911 1090 

Conductivity[S/m] 25.82 6.58 33.6 

Thickness (mm) 1 2 10 

 

The modelled layers of the human body tissues of size 100 × 45 × 13 mm3 are illustrated 

in Figure 3-6. Separation distances of 0 mm and 5 mm were  considered between the DRA and 

the body phantom [37]. The characterizations of the body parameters are listed in Table 3-3 

were [41]. 
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Figure 3-7. |S11| of a DRA in free space and placed next to a phantom. 

 

Figure 3-7 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 a DRA in free 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 tissues [72, 73]. Nevertheless, the reflection coefficient exhibits a substantial 

impact due to the proximity of the human body at a distance of 0 mm [37]. 
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Figure 3-8. Axial ratio of a DRA placed in free space and next to a phantom. 
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Figure 3-9. 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 28 GHz as illustrated in Figure 3-9. 

 

3.4 Broadside DRA Array 

3.4.1 Array Factor  

Suppose the array has N elements and that there is a d-space between each pair of adjacent 

elements. In addition, a complex current Ὅ Ὡ
פ , where 0<n<N-1, is used to drive each element. 

This indicates that the antennas are provided with linear phase shifts of • between adjacent 

elements and equal current amplitudes. Thus, a phased array is the name given to this kind of 

antenna. However, if  • = 0, this means a uniform array is achieved. By considering an array of 

isotropic elements that are distributed along the z-axis, it is possible to derive the array factor as 

[145]. 

ὃὊ ρ Ὡדפ  Ὡדפ ỄȢὩפ ד σȢς 

where 

•—‍Ὠὧέί ד σȢσ 

The normalised AF form is: 

ὃὙ  
ρ

ὔ

ίὭὲ
ὔ
ςד

ίὭὲ
ρ
ςד

σȢτ 

When the main beam direction is perpendicular to the array axis, then a broadside array is 

achieved. It is clear from (3.2) that the maximum AF is achieved when ɔ=0. Consequently, when 
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the array axis is along the z direction, (3.3) becomes (3.5) when the maximum needs to be at 

ɗ=90Á. 

‍Ὠὧέί—•ȿ ד • π σȢυ 

Therefore, to satisfy the broadside radiation requirements, the array elements must be 

excited d by utilising uniform phase and amplitude. To determine the radiation pattern in a 

specific plane, the individual element pattern needs to be multiplied by the arrayôs factor. 

Ὁ  Ὁ   ὃὶὶὥώ Ὂὥὧὸέὶ σȢφ 

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 for one element was 

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 the inter-element spacing was 

set to 10mm. 
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Figure 3-10. The radiation pattern for 2-elements 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 Figure 3.-10. By comparing these 

patterns, it can be observed that the two shapes are quite similar. The differences, 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 radiation pattern of an antenna 

array can be altered by adjusting the spacing and phase shift  between adjacent elements [146].  

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 Figure 3-11, the return losses of the 

single element in this instance has the largest bandwidth (31%), followed by the 4-element array 

(28.3%), the 2-element array (23%), and the 8-element 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. 

Frequency (GHz)

24 26 28 30 32

S
1

1
 (

d
B

)

-40

-35

-30

-25

-20

-15

-10

-5

0

1 element

2 elements

4 elements

8 elements

 

Figure 3-11. Reflection coefficients of various DRA arrays. 
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Figure 3-12. Gain of various DRA arrays. 
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Figure 3-12 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. A two-element 

antenna has a gain of 11.1 dBi compared to a single-element antenna's 8.71 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 radiating in the undesirable directions. 
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Figure 3-13. Directivity of various DRA arrays. 

From, Figure 3-13. It can be seen that with a single DRA element D = 9.25dBi was 

achieved, a 2-element array, have a directivity of 12 dBi, while a 4-element array would have a 

directivity of 14.7 dBi and an 8-element array would have a 17 dBi. This demonstrates that when 

the array's element count rises, the directivity rises as well, improving the ability to regulate the 

radiation's direction [147]. 

Ὃ  – ὼ Ὀ σȢρ 

where G, ɖ and D == represent gain, efficiency and directivity, respectively. 
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(a)                                                                         (b) 

Figure 3-14. Radiation pattern of various DRA arrays at 28GHz. (a) E-plane. (b) H-plane 

Figure 3- 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 the number of the utilized 

antenna elements. However, this is not the case for the impedance bandwidth, which, can be 

noticed from Figure 3-15, where it is evident that the higher gain is associated by the array 

elements. Table 3-4 presents the results of the array analyses. 
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Figure 3-15. The arrayôs gain and bandwidth as a function of the number of elements. 
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Table 3-4.  Bandwidth, Gain, and size of various DRA arrays 

 BW (%)  Gain (dBi) Size (mm) 

Single element 31 8.71 19×21×2.93 

2 elements 23 11.1 35×35× 2.93 

4 elements 28 14 36.5×36.5×2.93 

8 elements 18.7 16.6 40×45×2.93 

 

3.5 2 × 2 DRA Array  

A 2 × 2 array antenna doesn't inherently signify MIMO (Multiple Input Multiple Output) 

by itself. However, it's commonly used in MIMO systems. For example, a four-element array 

antenna can be notated as 1 × 4 or 2 × 2. Typically, 1×4 indicates a linear array where the 

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

columns of antennas, often arranged in a square or rectangular pattern [148, 149].  

The presented single DRA element was utilised to design a compact broadside 4-element 

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 Figure 3-16(a). A square array geometry was chosen as 

illustrated in Figure 3-16(b) since it offers a more compact structure. The feed network is 

presented in Figure 3-16(c), where it can be observed that a four-way microstrip power divider 

line was   utilized for the array feed network [150].   
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Figure 3-16. Configuration of the 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 

chosen; wt1= 0.5 mm and wt2 = 0.25 mm for characteristic impedances of 50 Ý and 100 Ý, 

respectively. Furthermore, the lengths of the microstrip line sections were optimized as lt1 = 

18.13mm, lt2 = 2.5 mm, lt3 = 5 mm, and lt4 = 5.3 mm in order to achieve the widest impedance 

bandwidth. It should be noted that a Rogers substrate, RO4350B, was employed in the 

simulations based on the commercial availability. The spacing between the various antenna 

elements of an array is inversely correlated with mutual coupling [151].  
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Figure 3-17. |S11| of the DRA arrays for various separation distances (ds). 
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     The impact of the separation distance (ds) between the centres of adjacent DRA 

elements was investigated as demonstrated in Figure 3-16, where ds was varied from 6 to 10 

mm, which corresponds to a range of 0.558ɚo to 0.93ɚo, where ɚo is the free space wavelength 

at 28 GHz. As demonstrated in Figure 3-17, 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 the fact that the widest archived 

impedance bandwidth for the array is 28%, which is close to that of the single DRA element. 

Moreover, Figures 3-18 and 3-19 present the AR and gain as functions of (ds), where the widest 

AR bandwidth of 13% and highest gain of ~ 14 dBic were achieved, again, when ds = 10 mm 

due to the reduced mutual coupling. 
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Figure 3-18. AR of the DRA arrays using various separation distances (ds) between the DRAs. 
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Figure 3-19.  Gain of the DRA arrays using various separation distances (ds) between the DRAs. 

Figure 3-20 displays the radiation patterns of the E-field and H-field at various distances 

between adjacent elements. It is evident that the best results were achieved at a distance of 10 

mm (ds). Additionally, Figure 3-21 demonstrates that the directivity reached its peak at the 10 

mm distance. 
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(a)                                                                                    (b)   

 

Figure 3-20. Radiation pattern of the DRA arrays using various separation distances (ds) between the DRAs. 
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Figure 3-21. Directivity of the DRA arrays using various separation distances (ds) between the DRAs. 
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Figure 3-22. S-parameter values of feeding network  

The S-parameter performance of the four-way microstrip power divider is illustrated in 

Figure 3-22. The first port is designated as the input, and the subsequent ports are arranged in 

ascending order. Where S11 demonstrates a matching performance of less than -15 dB 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 phase shift between the output ports is 0. 

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

Attributes  

¶ Impedance Bandwidth: Evaluation of the antenna's ability to operate efficiently over a 

range of frequencies around 28 GHz, indicating its versatility in accommodating 

different communication needs. 

¶ Axial-Ratio Bandwidth: Analysis of the axial ratio bandwidth, highlighting the antenna's 

capacity to maintain circular polarization characteristics across a specific frequency 

range, crucial for reliable off-body communications. 

¶ Gain at 28 GHz: Examination 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 for off-body communications 

at millimeter-wave frequencies, with a focus on its impedance bandwidth, axial-ratio bandwidth, 

and gain at 28 GHz. 

3.5.2  Array Next to a Human 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 three-layer human body model [37]. The 

modelled layers of the human body tissues of size 100 × 45 ×13 mm3. as illustrated in Figure 3-

23. The characterizations of the body parameters were  used according to those given in [41].  
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Figure 3-23. Cross section view of a DRA array next to the body phantom. 

Figure 3-24 presents the reflection coefficient when the array is placed at free space 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 the presence of a ground 

plane between the antenna and the simulated tissue layers, the effect of the human tissue on the 

impedance bandwidth was minimized.   
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Figure 3-24. 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 Figures 3-25 and 3-26, 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 chosen DRA element supports the following TE resonance modes across 

the considered frequency range of 24-31 GHz; TE111, TE113 and TE133.  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 dielectric resonator 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 

patterns over the considered frequency range.  Finally, merging the bandwidths of the excited 

adjacent resonance modes have provided considerably wider impedance and CP bandwidths. 
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Figure 3-25. Axial ratio of a DRA array placed in free space and next to a body phantom. 
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Figure 3-26. 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 Figure 3-27, where a clockwise rotation of the current vectors can be observed, 

which produces the left-hand circularly polarized radiation. It should be noted that the same 

current distribution was observed for the single circularly polarized DRA, which demonstrates 

an unnoticeable impact of the mutual coupling between the array elements on the current 

distribution. 
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Figure 3-27. Surface current distribution on the DRA array's ground plane at 28 GHz. 

 

3.5.3 Specific Absorption Rate (SAR) of the DRA Array  

Figures 3-28 and 3-29 illustrate the SAR when the proposed DRA array is placed next to 

the equivalent three-layers tissue of the human body, where it can be noted that the SAR is well 

below the required safety threshold for different input power levels when 1 g and 10 g tissues 

are considered. 

 

(a)                                                                 (b)                                              (c) 

Figure 3-28. 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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                          (a)                                                                 (b)                                                             (c) 

Figure 3-29. SAR of the DRA array for a 10 g tissue and input power of (a) 15 dBm, (b) 18 dBm, (c) 20 dBm. 

Table 3-5. The average SAR for 1g and 10g tissues using input power of 15 dBm, 18 dBm, and 20 dBm.  

Standard Input power 

(dBm) 

SAR(W/kg) Distance (mm) 

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 feed network is presented in Figures 3-30 (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 double-sided adhesive copper tape with a thickness of 0.08 mm. 
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The assembled DRA array prototype is presented in Figure 3-30 (c), which can be measured 

without any alignment and bonding concerns.  

 

Figure 3-30. 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 is presented in Figure 3-30 (d). Figure 3-31 demonstrates the 

simulations and measurements for the array's reflection coefficient, where it can be noted that 

the measured -10 dB bandwidth is 8.16 GHz. In addition, good agreement was achieved between 

the measured and simulated impedance bandwidths of 29% and 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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Figure 3-31. The simulated and measured |S11| of the DRA array. 

 

The gain and axial ratio of the DRA array are presented in Figures 3-32 and 3-33, 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 slight variations 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.  












































































































































