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Abstract 
 

One of the major challenges in deploying future millimeter-wave, wideband communication 

systems is the designing of wide impedance bandwidth, high gain and high efficiency front end 

antennas. Conventional metal antennas have disadvantages like narrow frequency bandwidth, high 

conductor loss, and low radiation efficiency which make them inadequate for such systems. 

Therefore, this thesis investigates the future potentials of the low loss (i.e., no conductor loss) and 

high efficiency artificial grid dielectric resonator antennas for millimeter-wave applications using 

deep X-Ray lithography (DXRL).  

In the first section, a new design approach is introduced, to enhance the feed versatility and design 

characteristics of the previously explored grid dielectric resonator antennas (GDRAs). For 

instance, the implementation of the multi-layer GDRAs technique has improved the impedance 

bandwidth performance of normal GDRAs from 5.5% to ≥12%. Secondly, the integration of the 

various feeding techniques such as conventional coplanar waveguide (CPW), capacitive CPW and 

inductive CPW feeds are successfully applied to GDRAs for mm-wave applications, which was 

previously limited to microstrip feed-line only due to grid to feed-line shorting issues.  

The power distribution networks are always very crucial in defining antenna array performance. 

The feed structures like microstrip corporate feed and series feed are not practical at millimeter-

wave frequencies due to the high conductor and radiation losses. Therefore, in the second section, 

the substrate integrated waveguide (SIW) feeding mechanisms for one-dimensional (1D) and two-

dimensional (2D) planar arrays are explored. Various wide-band, low amplitude and phase 

imbalance, SIW parallel feed networks are developed at 24 and 60 GHz for the large GDRA arrays 

integration. 

In the third section, the X-ray lithographic procedure for the development of two different 

monolithic GDRA array layers is described: i) solid template frame GDRA array layer; ii) and 

strip template frame GDRA array layer. All design steps from the DXRL mask fabrication to 

sample exposure, sample development and electroplating are thoroughly investigated.  

In the fourth and the final section, the performance of the two proposed GDRA array approaches 

using SIW feed mechanism is evaluated. Contrary to ordinary large DRA arrays these monolithic 

GDRA array designs greatly help in mitigating the GDRAs to a feedline alignment problem, which 
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may result in distorted radiation pattern and significant impedance mismatch. Furthermore, the use 

of thin rectangular micro-inclusions over more complicated I-beam structures has reduced the 

fabrication complexities as well as has enhanced the effective permittivity of the newly developed 

GDRAs up to 22.5 which results in compact and low-profile structures. The performance of the 

rectangular grid based monolithic GDRAs is characterized in two steps. In a first step, low profile 

single channel series fed 1×4, and 1×8 GDRA arrays are implemented using SIW longitudinal slot 

feed topology at 32 GHz with a maximum impedance bandwidth of 12% and a realized gain of 

11.9 dBi. Moreover, the effect of the template frame thickness, frame permittivity and the inclusion 

heights on the antenna array performance is discussed in detail. While, in a second step, subarrays 

of 1×4 and 1×8 GDRA elements are further extended to 4×4 and 8×8, 2D-monolithic GDRA arrays 

with SIW parallel feed networks and which have successfully demonstrated an impedance 

bandwidth up to 18% and a peak realized gain of 19.8 dBi at 60 GHz.  

The proposed GDRAs offer exciting features such as wide impedance bandwidth, high gain and 

low cross polarization and are a promising alternative at mm-wave frequencies to conventional 

metallic patch antennas antennas which suffer from low impedance bandwidth and high conductor 

losses, as well as an alternative to high permittivity, conventional ceramic DRAs which are narrow 

band and hard to machine at mm-wave frequencies where fabrication tolerances become 

comparable with the operating frequency wavelength. Lastly, the high permittivity GDRAs are 

low profile antennas which can be easily integrated in compact mm-wave devices.   
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Chapter 1 : Introduction 
 

1.1. Background and Motivation  

The field of wireless communication has witnessed tremendous development in recent years, 

making it the fastest growing segment of telecommunication technology [1]. The wireless 

revolution is touching and reshaping many aspects of our daily life. The terms Internet of Things 

(IoT) [2], [3] and 5G [4] are becoming hot topics among many researchers presenting new 

challenges and problems [5] for future communications. These challenges stem from the growing 

network traffic generated by high throughput mobile applications. Growing trends of the wireless 

connectivity with increased user expectations are the key indicators of this wireless boom [6]. It is 

forecasted that wireless traffic volume would grow by 1000 times in the year 2020 in comparison 

to 2010 [7].  

The expansion of mobile phones in last two decades along with the success of 3G cellular 

communication services has motivated the development of wideband 4G and 5G cellular 

technologies as well as many other wireless protocols like Bluetooth, Wi-Gig (802.11ad), 

Wireless-HD and Local Multi-point Distributed Networks (LMDN) [8]. High throughput of the 

5G wireless networks [9] has driven the usage of millimeter-wave (mm-wave) spectrum into 

practical applications [10]. These networks are targeted to provide data rates of 1000 fold higher 

than the 4G networks [11], [12]. Diverse application domains such as healthcare, automotive and 

energy industries are going to have extensive usage of 5G technologies. For instance, in 

telecommunication, the wearable smart devices, and sensors are continuously revolutionizing the 

current healthcare sector. This sector is readily exploring and adopting new devices and 

technologies for its daily practices, and patient care. More than 96 percent of the hospitals in North 

America have electronic medical records in place, and the use of connected devices is on the rise 

as the global Internet of Things (IoT) healthcare market is expected to reach $410 billion by 2022 

[13]. Similarly, according to a study conducted by Qualcomm, UC Berkeley and IHS Markit on 

future of the 5G economy, it is predicted that 5G will enable more than US$2.4 trillion in total 

economic output across the automotive industry [14]. Cumulatively, 5G economic impact in the 

automotive sector represents nearly 20% of the global 5G economic effect. 
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Furthermore, in the coming years, IoT will be the foundation for building a smart city and related 

applications such as wearable computing, multiple personal devices, smart and remote healthcare, 

and lifeline systems. IoT is broadly classified into two categories [15]: i) Consumer IoT (cIoT); 

and ii) industrial IoT (iIoT) [16], [17]. Consumer IoT involves the interconnection of, not only all 

electronic devices belonging to the user, but also virtually anything else in the user environment, 

such as homes, offices, and cities. In contrast, Industrial IoT focuses on the integration between 

Operational Technology (OT) and Information Technology (IT).  It is estimated that over 50 billion 

devices will be connected to the internet by 2020 and IoT will account for over 75% of the traffic 

[18]. 

Such a dramatic shift in capacity and user requirement is the continuous source of motivation for 

many researchers to explore the potential of the millimeter wave bands for future wireless system 

and applications. The radio frequency (RF) devices are the backbone of the wireless 

communication systems architecture. The transmitter, receiver, modulation, and demodulation 

within different devices revolve around the RF technology. Personal communication systems are 

now shifting toward higher frequencies to meet the requirements of different bandwidth-intensive 

services like e-gaming, video conferencing, hi-definition data streaming [19] and other online 

services. 

This shift in the frequency paradigm is due to overcrowding and high interference in the sub-6GHz 

frequency band, which has been shared by all previous and current generations of commercial 

mobile communication. High frequencies have several advantages such as less interference, huge 

bandwidth, i.e., 1.3 GHz at 28 GHz and 14 GHz at 60 GHz, that enables high data rates and thus 

paves the way for new human-centric and machine type communication applications that have not 

been possible to date [20]. The frequency allocation of the mm-wave spectrum is shown in Figure 

1.1. Due to smaller wavelength, mm-waves allow small size antennas and miniaturization of other 

microwave components for more compact and smart devices, enabling high speed digital signal 

processing and data transmission. 
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Figure 1.1 Frequency allocation of the mm-wave spectrum  

However, microwave devices and circuits at higher frequencies require special consideration in 

term of design, fabrication, material selection, and high accuracy in structural dimensions on the 

order of microns. The demand for smart and compact devices is one of the major factors of the 

growing need for microfabrication and nanotechnologies in RF and microwave applications.  

Micro/Nanofabrication applications include MEMS, micro-optics, integrated circuits, 

nanotechnology, and many more. Microfabrication has slightly different considerations for each 

of these applications, i.e., electroplating is a vital process for deep submicron IC metallization and 

LIGA microstructures [21], deep–RIE (reactive ion etching) is a key technology in trench DRAM 

and MEMS [22], imprint lithography is used in micro fluids where typical dimensions are 100µm 

as well in nanotechnology where feature size is condensed within 10nm. Deep X-ray lithography 

[23] is one of the emerging technologies used in the fabrication of microwave and millimeter wave 

structures, which are very difficult to synthesize with other techniques. It is capable of fabricating 

structures with high aspect ratios and with lateral dimensions ranging from millimeter to micron 

scales. 

Antennas as a front-end element always have a pivotal role in defining the performance of the 

wireless communication system. In recent years, a substantial boom in high-frequency antenna 

design has been witnessed, mainly due to high gain and broad impedance bandwidth requirements 

for the future 5G applications such as mm-wave automotive radars, high definition video 

transmission, and cellular and satellite communication systems [24]. Traditionally printed circuit 
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board (PCB) based antenna solutions have been preferred for sub-6 GHz communication due to 

their simple fabrication and ease of integration with other RF circuit components [25], [26]. 

Conventional antennas including leaky wave antennas [27], patch antennas [28], dipole antennas 

[29] and slotted antennas [30] are types of metal printed antennas where the radiation explicitly 

comes from the metal surface. However, these metal antennas can suffer from low radiation 

efficiency [31], [32] at mm-wave frequencies due to high conductor losses generated by the metal 

surface currents.  Secondly metal antennas also inherit low impedance bandwidth as they radiate 

through two-dimensional planar surfaces, which limits their operation for future wide band mm-

wave applications. 

Dielectric resonator antennas (DRA), on the other hand comprised of ceramics can offer wide 

impedance bandwidth and higher efficiency due to the absence of conductor losses and simple 

coupling schemes to different transmission line configurations, thus they can easily be integrated 

with planar structures [33]–[35]. The DRAs are also advantageous over conventional patch 

antenna arrays by offering smaller size, i.e. proportional to the square root of the dielectric constant 

of the material making them suitable for mm-wave devices. As compared to microstrip antennas, 

medium permittivity DRAs can have much wider bandwidth (~10% for dielectric resonator 

𝜀𝑟~10) and this is because they radiate through the whole 3D surface except the grounded part. 

However, they also have some limitations such as higher permittivity DRAs i.e., 𝜀𝑟 > 10, which 

normally result in low impedance bandwidth [36]. Secondly, placing and aligning individual DRA 

elements over feed network for large arrays also presents a significant fabrication challenge. 

Besides conventional dielectrics, artificial dielectrics that mimic the properties of natural 

dielectrics or even manifest properties that cannot generally occur in nature have been widely 

studied and applied to microwave devices [37], [38]. An artificial dielectric can be envisioned as 

a large scale model of an actual dielectric, built by embedding small conducting structures in a 

regular pattern. The material response is strictly dependent on the size of the embedded inclusions 

at a given wavelength. Generally, the inclusion size is required to be much smaller than the incident 

wavelength to make them non-resonant structures. Antennas made from artificial dielectrics 

possess characteristics similar to conventional dielectric material like low conductor loss, and high 

radiation efficiency [39]. More importantly they provide more design freedom as the 
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electromagnetic properties of the artificial material can be engineered by changing the size, shape, 

and spatial density of the metal inclusions. 

Gridded dielectrics are recently discovered under the category of double positive artificial 

dielectrics (DPD). More details about grid dielectrics are provided in Chapter 2. In  [40], they are 

used to build antennas named as “metal grid dielectric resonator antennas” (GDRAs). They 

provide an exciting alternative to the conventional metallic patch antennas (MPAs) and DRAs, 

where high effective permittivity is achieved artificially by embedding micro-inclusions in a low 

permittivity host material. They offer several promsing features for mm-wave antennas like high 

effective permitivity, wide impedance bandwidth, high gain and low cross polarization [41]. They 

are called DRAs because they most closely resemble DRA behavior than other types of antennas, 

and have similar properties like compact structure, light weight, radation patterns similar to 

magnetic dipoles, and high radiation efficiency due to the absence of surface waves and resonant 

mettalic losses [40]. They can generally be fed using similar mechanisms to DRAs [33]–[35]. Also, 

the material functions as a permittivity magnifier, so they also work similar to higher permittivity 

homogeneous classic ceramic-type DRAs.        

However, there are considerable differences between GDRAs and regular DRAs.  Firstly, the 

GDRAs are made only of low-permittivity polymer dielectrics, and embedded metal 

structures.This could be advantageous from a fabrication point of view for emerging commercial 

applications since they do not require hard fired ceramic materials.   Another unique feature of the 

approach is an extension to arrays, which can be fabricated as a single monolithic piece. Unlike 

the homogenous ceramic type DRAs [36], the dielectrics in the GDRAs are non-resonant 

structures, so the metal vertical grid structures rather act like miniature waveguides to steer the 

fields in the desired direction to make a radiating structure with similar near-field patterns to a 

conventional DRA. There are also various unique and controllable non-isotropic modes [40]  

present in the GDRAs that could be advantageous for various applications, where feeding position 

and orientation changes the generated modes.  

A single element GDRA with an effective permittivity of 14.6, an impedance bandwidth of  6%, 

and a realized gain of 7.6 dBi has been demonstrated in [40]. Futher improvement in the impedance 

bandwidth of  I-beam embedded GDRAs has been made in [41] by using different coplanar 

waveguide (CPW) feeds. The antennas proposed in that work have wide impedance bandwidth of 
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16.26% and high radiation efficiency of 90% and are an excellent choice for high performance 

mm-wave antennas. However, considerable work remains to make a feasible next-generation 

technology, including reducing the fabrication complexity of the embedded inclusions by 

decreasing the grids height (i.e, low-profile) and using simple grid structures such as square and 

rectangles. Lastly, arraying the GDRA elements effectively to  provide high gain, which involves 

developing viable high-frequency feed and signal distribution networks is required. 

Feeding networks are also an important building block of many high performance microwave and 

mm-wave devices, especially for antennas [42], [43]. The high-power handling and low loss 

feature of a rectangular waveguide makes it an ideal candidate for the power dividing applications. 

However, conventional rectangular waveguides are bulky, expensive, and difficult to integrate 

with planar microwave and mm-wave structures thus limiting their widespread usage. On the other 

hand, planar transmission lines such as microstrip-line, co-planar line etc. have been used primarily 

in lower frequency microwave applications, providing low cost fabrication and easy integration 

with other circuits. Microstrip-line, however, is not an ideal candidate for higher frequencies 

because of dispersion, mutual coupling, high transmission losses, and high radiation losses 

especially at line discontinuities [44], [45].   

The substrate integrated waveguide (SIW) [46], [47] has high performance at mm-wave 

frequencies and can be realized using conventional printed circuit board (PCB) techniques. Like 

microstrip-line and other planar feed technologies, SIW is not only compatible with printed circuit 

board (PCB) techniques, but also has “waveguide-like” performance at higher frequencies, e.g. 

low loss, high Q, compact size, and allows integration with planar structures. SIW virtually 

eliminates radiation losses and undesirable back radiations typical of conventional feed structures 

at high frequencies. An SIW feeding mechanism has been reportedly used up to 101.8 GHz [48] 

for exciting antenna arrays. 

In conclusion, some of the major challenges for deploying future mm-wave mobile communication 

devices are the designing of high performance antennas, i.e., high gain and high radiation 

efficiency to mitigate the effect of the  severe free space path loss [49] at certain frequencies due 

to atmospheric absorption i.e., 4 dB/km at 60 GHz. Front-ends capable of operating in a large 

frequency bandwidth to meet the increasing demand of bandwidth-hungry applications such as 

high-definition video streaming, strict fabrication tolerances due to relatively small operating 
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wavelength which requires special fabrications techniques for developing the antennas for the 

emerging millimeter wave RF transceivers,  and low loss signal distribution networks for feeding 

the large antenna arrays are required for next generation systems. 

A more detailed description of current DRAs, GDRAs and ultra-high precision X-ray lithographic 

fabrication techniques are provided in the coming sections for giving better insight into the current 

and the future requirements for high-performance mm-wave antennas.  

1.2. Comments on Conventional and Artificial Dielectric Resonator (DR) Antennas and 

Arrays 

Following are the important conclusions extracted from the past literature published on traditional 

and artificial DRAs: 

1. Conventional low permittivity DRAs are not only difficult to excite but their large size 

makes them impractical to be integrated into compact devices. 

2. Most of the high permittivity DRA structures are composed of hard ceramic material which 

is difficult to machine with high precisions especially for mm-wave applications, where 

the fabrication tolerances become comparable to the operating wavelength. 

3. Ceramic DRAs with high material constant have low operational bandwidth due to high-Q 

factor, limiting their use for wideband applications. 

4. In comparison to ceramic DRAs, artificial DRAs have more freedom in antenna design, 

i.e., material characteristics can be altered by using various shape metallic inclusions as 

well as their inter-element spacing, size, etc. 

5. Dielectric permittivity of most of the previously discovered artificial dielectrics is found to 

be in the range of 4-10 as discussed in [50], [51]. However, for more compact designs 

structures with a higher dielectric constant such as  ϵ𝑟 > 10 are required. 

6. The artificial dielectrics provide more flexibility to antenna designers as compared to the 

conventional high permittivity substrates such as optimizing the proposed dielectric in 

simulation software prior to utilizing them in practical antennas.  

7. Excitation of new modes is possible by using artificial dielectric resonators as mentioned 

in [40], which have more focused broadband radiation patterns than the simple dielectric 

resonator antennas.  

8. The impedance bandwidth of artificial dielectric resonator antennas discussed in [40] of 

6% still needs to be improved for wideband applications with stable radiation patterns. 
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9. Recent several research publications have used SIW feed technology in DR arrays [52]-

[57]. However, SIW arrays using artificial polymer-based dielectric resonators are still to 

be explored.  

1.3. X-Ray Lithography 

During the last decade, there has been tremendous progress in the field of microfabrication, driven 

by the market need for compact, precise, and low-cost micro-components and microsystems 

required in portable telecommunication equipment, computers, and healthcare diagnostics. For 

instance, micro components are needed in healthcare for implantable medical devices, 

microreactors for bioprocessing, fiber optical alignment systems in communication, and 

mechanical parts such as nozzles, gears, and actuators. The rapid pace towards the miniaturization 

of new devices and systems is demanding new microfabrication techniques. Since the discovery 

of the fact that the processes used for designing silicon microchips can be extended towards the 

manufacturing of microstructures in other materials, the semiconductor-based industries have 

activated several research and developments programs in microtechnology. Generally, these 

methodologies produce two-dimensional structures, which then further required other processes to 

make three-dimensional (3D) structures. For instance, in micromechanical systems components 

are developed by wet chemical anisotropic etching of single crystal silicon. Additional 

improvements can be achieved by using dry etching using ions and plasma. Further developments 

regarding very deep microstructures have been made by using X-ray lithography using synchrotron 

radiation. The most prominent microfabrication technologies available in the market are isotropic 

and anisotropic etching, surface and bulk micromachining and a process known as LIGA, which 

allows the development of microstructures with the lateral dimension in the microns and aspect 

ratio up to 200 [59]. 

LIGA is an acronym for Lithography (Lithographie), electroplating (Galvanoformung), molding 

(Abformung). It was first reported at Karlsruhe Nuclear research laboratory in Germany in the 

1980s while developing small slotted nozzles for separating uranium isotopes. Since then, various 

research groups have been working to develop a range of innovative high precision components 

such as microfluid devices, micro-reactors, and micro-spectrometers. The unique process of LIGA 

allows direct fabrication of high-quality 3D microstructures.  
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The core process of the LIGA is deep-X-ray lithography (D-XRL), which permits deep structures 

with submicron features using intense and highly collimated beam of X-Ray radiations. A detailed 

description of the fabrication process is discussed in Chapter 5. 

Recently, there has been considerable interest in polymer-based antennas especially at millimeter-

wave frequencies, where design dimensions are in millimeters. Therefore, deep X-ray lithography 

technology with characteristics of sub-micron features sizes and aspect ratio ∼ 50 could be an 

excellent option for fabricating these microwave and millimeter structures in polymers.  

1.4. Thesis Objective and Challenges 

The research is aimed at demonstrating the potential of high permittivity micro-structured artificial 

grid dielectrics in designing compact and high-performance antenna arrays at millimeter-wave 

(mm-wave) frequencies. Polymer based antennas have emerged as a strong candidate for future 

mm-wave applications due to their wide bandwidth and high radiation efficiency [59]. But low 

permittivity DRAs of 2-3 are not only challenging to excite but also have large size and high 

resonance frequency [60]. Alternatively, ceramic dielectrics with high permittivity can be 

compact, but are typically narrowband and hard to fabricate. The concept of metal embedded 

artificial dielectrics provides an interesting alternative for attaining high permittivity dielectrics 

for building compact size, while maintaining wide bandwidth and high gain. 

This thesis demonstrates several mm-wave GDRA examples fed through coplanar waveguide 

(CPW) and substrate integrated waveguide feeding mechanisms. The proposed antennas exhibit 

wide impedance bandwidth, high gain, high radiation efficiency and stable radiation pattern over 

the designed frequency bandwidth. 

In the view of the proceeding background and the importance of high-performance mm-wave 

antennas, this research will address the following key objectives: 

• The first objective of this research is to investigate the different shape metal inclusions 

such as rectangle and square to reduce the design complexities of previously explored I-

beam GDRAs [40] as well as further enhancing the effective permittivity.  

• The second objective is to improve the performance characteristics of the GDRAs e.g., 

enhancing the impedance bandwidth, making it compatible with different feed techniques 

such as coplanar-waveguide and aperture feeding for high-frequency applications.  
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• The third objective of this research is to extend the GDRAs concept to antenna arrays as a 

thin monolithic polymer layer with all the GDRA elements embedded inside to remove the 

requirement to assemble and align individual GDRA elements to the feed structure.  

• The fourth objective is to develop a viable deep X-ray lithography-based fabrication 

procedure for building large-scale monolithic GDRA arrays at 𝐾𝑢 and V-band. The 

fabricated structures will be measured to both structurally and functionally. This will 

include performing an optical microscope and a scanning electron microscope (SEM) 

inspection of the fabricated devices to ensure the structure quality and lateral dimension 

tolerances. 

• The fifth objective is to design feasible high frequencies signal distribution networks using 

substrate integrated waveguide (SIW) technology for feeding single channel and 

multichannel GDRA arrays at 32 and 60 GHz.  

• Finally, the frequency response and radiation patterns of all fabricated prototypes will be 

measured and discussed. 

1.5. Thesis Outline 

The organization of the thesis is as follows: Chapter 2 discusses the electromagnetic wave 

propagation, antenna theory, and the literature review relevant to the scope of this thesis.  Chapter 

3 presents the implementation of multi-layer GDRAs integrated with the coplanar feedlines to 

enhance the impedance bandwidth and feed diversity. Furthermore, it provides the design and 

development of newly proposed monolithic rectangular grid based GDRAs. Chapter 4 describes a 

complete design procedure for building 1×8 SIW power splitter at 24 GHz along with in-depth 

parametric analysis of different design stages involved during the process. Chapter 5 provides a 

fabrication procedure for building GDRA array layers using deep X-ray lithography (DXRL). 

Chapter 6 provides single channel 4- element and 8-element series fed monolithic GDRA arrays 

at 32 GHz.  In Chapter 7, the monolithic GDRA arrays concept is further extended to 2-

dimensional multi-channel 4×4 and 8×8 GDRAs arrays at 60 GHz.  Chapter 8 summarizes the 

thesis work by highlighting the key details and contributions made through this research work as 

well as the recommendations for the future work. 
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Chapter 2 : Background and Theory 
 

2.1. Electromagnetic Wave Theory 

In general, electric, and magnetic fields are complex vector quantities having magnitude, phase 

and direction. The connection between the electric and magnetic fields, charges and currents 

associated with them are governed by physics laws known as Maxwell’s equations, which set the 

foundation of classical electromagnetic theory. This group of well-defined equations is achieved 

through a series of experimental observations made by different scientists. These equations can 

either be written in differential or in integral form. However, the differential form of Maxwell’s 

equations is the most commonly used representation to solve the boundary value of 

electromagnetic problems.  

2.1.1. Maxwell’s Equations in Differential Form 

These expressions are used to describe and relate field vectors, charges densities and current 

densities in the space at any time. For these expressions to be valid, it is required that the field 

vectors are single-valued, bounded, and continuous functions of the space and time, i.e., exhibit 

continuous derivatives. In most cases, the field vectors associated with the electromagnetic waves 

possess these characteristics except in cases where abrupt changes in the current and charge density 

occur. This discontinuous distribution usually occurs at the interface between two media, where 

there are distinct variations in the electrical parameters across the interface. Therefore, a complete 

description of the field vectors at a time and at any point requires not only the Maxwell’s equations 

in differential form, but also well-defined boundary conditions associated with them. The 

Maxwell’s equations in the differential form can be written as: 

 
∆ ×  𝑬 = −𝑴−

𝜕𝑩

𝜕𝑡
 (2.1) 

 
∆ ×𝑯 = 𝑱 +

𝜕𝑫

𝜕𝑡
 (2.2) 

                                                      ∇.𝑫 = ρ𝑒 (2.3) 

  ∇. 𝑩 = ρ𝑚 (2.4) 

 𝑫 = 𝜀𝑬 (2.5) 

 𝑩 = 𝜇𝑯 (2.6) 

 𝑱 = 𝜎𝑬 (2.7) 
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All the above field variables are time-varying quantities, with each as a function of time and space 

coordinates such as 𝑬 = 𝑬(𝑥, 𝑦, 𝑧; 𝑡). These variables can be defined as  

𝐄 = electric field intensity (V/m)  

𝐇 = magnetic field intensity (A/m) 

𝐃 = electric flux density (C/m2) 

𝑩 = magnetic flux density (Weber/ m2) 

ρ𝑒 = electric charge density (C/ m3) 

ρ𝑚= magnetic charge density (Weber/ m3) 

whereas 𝑱 is electric current density (A/ m2), 𝑴 is the magnetic current density (V/ m2) and  𝜀, 𝜇  

and 𝜎 are the permittivity, permeability and conductivity of the medium. For free space 𝜀 =  𝜀0 =

8.85 × 10−12 (
𝑓𝑎𝑟𝑎𝑑𝑠

𝑚𝑒𝑡𝑒𝑟
) ;  𝜇 =  𝜇0 = 4𝜋 × 10−7  (

ℎ𝑒𝑛𝑟𝑖𝑒𝑠

𝑚𝑒𝑡𝑒𝑟
) and 𝜎 = 0. 

Eq. (2.5)-(2.7) are the constitutive relations for the Maxwell’s equation. They are needed to 

illustrate the general nature of the electric and magnetic fields; how they are coupled and depend 

on each other. 

In a quick summary, equation (2.1)  is Faraday’s law, that describes that time-varying magnetic 

field creates a circulating electric field. The second equation (2.2) is the Maxwell’s Amperes law, 

which describes the creation of circulating magnetic fields (2.6) by currents of electric charges 

(2.7) and by time-varying electric fields (2.5). Equation (2.3) is Gauss’s law of electricity which 

states that electric field originates from electric charges contained in a closed surface, while 

equation (2.4) is Gauss’s law of magnetism which states that magnetic fields do not originate at 

points or there are no magnetic charges in nature but can be visualized as loops that have no 

beginning or end point. Faraday’s law and Maxwell’s Ampere law describe how the time-varying 

electric field produces a time-varying magnetic field and vice versa. Once there is a change in one 

quantity (electric field), a change in other quantity (magnetic field) occurs, and these changes 

continue to “propagate” in time. 

For the first two equations (2.1) and (2.2), E and H-fields are confined together. However, for 

most of the electromagnetic problems decoupling of both E and H fields is required to determine 
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solutions to EM problems, such as antenna power pattern. This can be done by taking time 

derivates on both sides of (2.1) and (2.2), which result in following 2nd order equations: 

 
∆ ×

𝜕𝑩

𝜕𝑡
= 𝜇𝑜

𝜕𝑱

𝜕𝑡
+ 𝜇𝑜𝜀𝑜

𝜕2𝑬

𝜕𝑡2
 (2.8) 

 
∆ × ∆ × 𝑬 = 𝜇𝑜

𝜕𝑱

𝜕𝑡
+ 𝜇𝑜𝜀𝑜

𝜕2𝑬

𝜕𝑡2
 (2.9) 

 By using the vector identity 

 ∆ × (∆ × 𝑨) = ∇(∇.𝐀) − ∇2𝑨 (2.10) 

The equation (2.9) can be written as  

 
∇(∇.𝑬 − ∇)2𝑬 = μ𝑜

∂𝑱

∂𝑡
+ μ𝑜ε𝑜

∂2𝑬

∂𝑡2
 

(2.11) 

The above expression is the differential equation involving E-field and known sources. The electric 

fields have been mathematically decoupled from the magnetic field. By repeating a similar process 

for equation (2.2) gives us: 

 
∇(∇.𝑩 − ∇)2𝑩 = μ𝑜∆ × 𝑱 −

1

𝑐2
𝜕2𝑩

𝜕𝑡2
 (2.12) 

In summary, Maxwell equations in wave form can be expressed as follows: 

 
∇(∇.𝑬 − ∇)2𝑬 = μ𝑜

∂𝑱

∂𝑡
+ μ𝑜ε𝑜

∂2𝑬

∂𝑡2
 (2.13) 

 
∇(∇.𝑩 − ∇)2𝑩 = μ𝑜∆ × 𝑱 −

1

𝑐2
𝜕2𝑩

𝜕𝑡2
 

(2.14) 

 ∇. 𝑬 =  
ρ𝑜
ε𝑜

 (2.15) 

 ∇.𝑩 = 0 

 
(2.16) 

One of the most important parameters to characterize the antenna performance is the radiation 

behavior. The usual method for analyzing any radiation problem is to specify the sources first and 

then acquire the field radiated by those sources. Generally, there are two approaches which could 

be used for acquiring the antenna radiated field as shown in Figure 2.1. In most of the practical 

problems, a one-step procedure is preferred; as the electric and magnetic field intensities are both 

physically measurable quantities, whereas the two-step procedure using potentials is preferred for 

analytical analysis. The two step procedures relate electric potential and magnetic potential to 𝑱 

and 𝑴 by integral relations. The 𝑬 and 𝑯 fields are then determined by simply differentiating 

electric potential 𝑨 and magnetic potential 𝑭. Although the two-step procedure involves both 
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integration and differentiation in comparison to a one step procedure involving integration only, 

the integrands in two-step procedures are much simpler. In the next section, we will demonstrate 

the radiated fields computation for an infinitesimal dipole using the vector potential approach. 

 

Figure 2.1 Block diagram for computing fields from electric and magnetic sources 

2.1.2. Radiation from Infinitesimal Dipole (Hertzian dipole) 

2.2.1.1. Infinitesimal Dipole  

An infinitesimal linear wire (𝑙 ≪ λ) placed symmetrically at the origin of the coordinate system 

along the z-axis is shown in Figure 2.2. The infinitesimal dipole is usually not practical; however, 

it is mostly utilized as a building block for analyzing complex antennas. The two plates shown on 

the top and bottom of the dipole are used to provide capacitive loading for maintaining uniform 

current distribution along the wire. The spatial variation of the current is supposed to be constant 

as the wire radius is assumed very thin (𝑎 ≪ λ). The current distributing along the wire is given 

by the following equation: 

 I(𝑧′) =𝑎𝑧̂𝐼𝑜  (A) (2.17) 

2.2.1.2. Radiated Fields 

Since the source shown in Figure 2.2a carries only electric current 𝐼𝑒, while other entities like 

current  𝐼𝑚 and magnetic vector potential are zero. Therefore, the electric vector potential 𝑨 can 

be written as [1]: 

 
𝐀(𝑥, 𝑦, 𝑧) =

μ

4π
∮ 𝐼𝑒(𝑥

′, 𝑦′, 𝑧′)
𝑒−𝑗𝑘𝑅

𝑅
𝑑𝑙′    (V) 

 

(2.18) 
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                a)                      b) 

Figure 2.2 a) Infinitesimal dipole; b) Electric field orientation1 © 2016 Wiley. Reprinted with 

permission 

where (𝑥, 𝑦, 𝑧) represents the observation point coordinates and (𝑥′, 𝑦′, 𝑧′) represents the source 

coordinates, R is the distance from any point on the source to an observation point. For the given 

problem, we can write the following conventions: 

 𝐼𝑒(𝑥
′, 𝑦′, 𝑧′) =𝑎𝑧̂𝐼𝑜 (2.19) 

 𝑥′ = 𝑦′ = 𝑧′ = 0 (2.20) 

 R = √(𝑥 − 𝑥′) + (𝑦 − 𝑦′) + (𝑧 − 𝑧′) =√𝑥2 + 𝑦2 + 𝑧2 (2.21) 

 𝑑𝑙′ = 𝑑𝑧′ (2.22) 

 𝑘 = 𝜔2𝜀𝜇 (2.23) 

By using the above equations, we can rewrite the equation (2.18) as follow: 

 
𝐀(𝑥, 𝑦, 𝑧) = 𝑎𝑧̂

μ𝐼𝑜𝑒
−𝑗𝑘𝑟

4π𝑟
∫ 𝑑𝑧′
+𝑙

2⁄

−𝑙/2

= 𝑎𝑧̂
μ𝐼𝑜𝑙𝑒

−𝑗𝑘𝑟

4π𝑟
 

 

(2.24) 

 𝐇 = 𝑎Φ̂
1

μ
(∇⃗⃗ × 𝐴 )= 𝑎Φ̂

1

μ𝑟
[
∂(𝑟𝐴θ)

∂𝑟
−
∂(𝐴𝑟)

∂θ
] 

 

(2.25) 

                                                 
1 Reprinted with permission from [1] C.A Balanis, Antenna theory: analysis and design, 2016. 
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For antennas, the radiated fields are generally expressed in spherical coordinates. Therefore, the 

spherical transformation of 𝐀(𝑥, 𝑦, 𝑧) for the above expression can be written as 

[

𝑨𝑟
𝑨𝜃
𝑨𝜙

]=[

sin 𝜃 cos𝜙 sin 𝜃 sin𝜙 cos 𝜃
cos 𝜃 cos𝜙 cos 𝜃 sin 𝜙 −sin 𝜃
− sin𝜙 cos𝜙 0

                 

] [

𝑨𝑥
𝑨𝑦
𝑨𝑧

] 

 
𝑨𝑟 =  𝑨𝑧 cos θ =

μ𝐼𝑜𝑒
−𝑗𝑘𝑟

4π𝑟
cos θ 

(2.26) 

 
𝑨θ =  𝑨𝑧 cos θ = −

μ𝐼𝑜𝑒
−𝑗𝑘𝑟

4π𝑟
sin θ 

(2.27) 

 𝑨ϕ = 0 (2.28) 

 𝑯𝑟 = 𝑯θ = 0 (2.29) 

 
𝑯ϕ = j

μ𝐼𝑜𝑙 sin θ

4π𝑟
[1 +

1

𝑗𝑘𝑟
] 𝑒−𝑗𝑘𝑟 (2.30) 

 
𝐄 = 𝑬𝐴 = −jω𝑨 − j

1

ωμε
∇(∇. 𝐴) =

1

𝑗ωε
∇ × 𝑯 (2.31) 

 
𝑬𝑟 = η

𝐼𝑜𝑙 cos θ

2π𝑟2
[1 +

1

𝑗𝑘𝑟
] 𝑒−𝑗𝑘𝑟 (2.32) 

 
𝑬θ = jη

𝑘𝐼𝑜𝑙 sin θ

4π𝑟
[1 +

1

𝑗𝑘𝑟
−

1

(𝑘𝑟)2
] 𝑒−𝑗𝑘𝑟 (2.33) 

 𝑬ϕ = 0 (2.34) 

 η =
𝑬θ

𝑯ϕ
     (Ω) (2.35) 

As per our initial assumption 𝑑𝑙 ≪ 𝑟 for far-field, therefore terms 
1

𝑗𝑘𝑟
 , 

1

(𝑘𝑟)2
 can be approximated 

to be zero in the above E and H-field equations. 

In the far-field case with 𝑘𝑟 ≫ 1, E and H-fields in spherical coordinates can be expressed as 

follows: 

 
𝑯 = 𝑯ϕ = j

𝑘μ𝐼𝑜𝑙 sin θ

4π𝑟
[1 +

1

𝑗𝑘𝑟
] 𝑒−𝑗𝑘𝑟 . ϕ̂ (2.36) 

 
𝑬 = 𝑬θ = jη

𝑘𝐼𝑜𝑙 sin θ

4π𝑟
𝑒−𝑗𝑘𝑟 .  θ̂ 

𝑬𝑟 ≈ 𝑬ϕ = 𝑯𝑟 = 𝑯𝑟 = 𝑯θ = 0       for 𝑘𝑟 ≫ 1 

(2.37) 

For electromagnetic waves, the magnitude and direction of the energy flow is described by a 

quantity known as a Poynting vector “𝑆” which is equal to the cross product of the electric and 

magnetic field. Hence, for an infinitesimal dipole, the complex Poynting vector can be written as 

follows:  

 
< S >=

1

2
𝑬 × 𝑯∗ (2.38) 
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< S >=

1

2
(
𝐼𝑜𝑙

4𝜋
)
2

𝑘2
η𝑜
𝑟2
sin2 θ . 𝑟̂    (W/m2) 

η𝑜 = √
𝜇0
𝜀0
    (Ω) 

 

(2.39) 

 The following conclusions can be extracted from the above Poynting vector expressions: 

i) More input current means more radiated power. 

ii) The smaller the length of the antenna, the lower is the radiated power. 

iii) Power density is decreasing with the factor of 𝑟2 of distance. 

iv) Radiated power is dependent on angular distribution. 

Total power radiated per unit solid angle is given by: 

 𝑑𝑃

𝑑Ω
= 𝑟2 < S >. 𝑟̂ 

 

(2.40) 

 
P = ∫ ∫

𝑑𝑃

𝑑Ω
sin θ𝑑θ𝑑ϕ

π

0

2π

0

 (2.41) 

 
P =

1

2
(
𝐼𝑜𝑙

4𝜋
)
2

𝑘2η𝑜2π∫ sin3 𝜃 dθ
π

0

 (2.42) 

 
P =

1

12π
𝐼𝑜
2𝑙2𝑘2η𝑜  (W) (2.43) 

Since the antenna radiates real power, therefore its radiation resistance can be given by an 

expression: 

 
P =

1

2
𝐼2𝑅𝑟𝑎𝑑 (2.44) 

By comparing (2.43)  and (2.44), the radiation resistance can be expressed as: 

 
𝑅𝑟𝑎𝑑 = η𝑜 (

2π

3
) (
𝑑𝑙

λ
)
2

   (Ω) (2.45) 

The infinitesimal dipole is not a good example of an efficient antenna due to small radiation 

resistance. For instance, in above expression (2.43) for 𝑑𝑙 = 0.01λ ,i.e. (𝑙 ≪ λ); 𝑅𝑟𝑎𝑑 = 0.08. In 

general practice, large radiation resistance is required for antennas for efficient radiation; 

otherwise, most of the energy will be dissipated into the physical resistance as heat dissipation. 
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2.2 Antenna Fundamental Design Parameters 

2.2.1. Radiation Pattern 

The antenna radiation pattern is defined as a mathematical function or graphical representation of 

the radiation properties of the antenna as a function of the space coordinates [1]. In most cases, 

the antenna pattern is determined in the far-field region and represented as a function of the 

spherical coordinates. A series of electric or magnetic field values at a constant radius from the 

antenna is called the antenna amplitude pattern or field pattern. Another way of representing an 

antenna pattern is the power pattern, which is the square of the magnitude of the electric or 

magnetic field as a function of angular space. For example, a polar plot of field pattern and power 

pattern for a 10-element linear array of isotopic sources with an inter-element spacing of 0.25λ is 

shown in Figure 2.3a&b. Moreover, a linear plot of power pattern in a cartesian plane is also 

presented in Figure 2.3c for defining the important antenna pattern terms such as major/main-lobe, 

minor-lobes, back-lobes, half-power beamwidth (HPBW), and first null beamwidth (FNBW). 

 

                                               a)                                                      b) 
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c) 

Figure 2.3 Two-dimensional a) normalized field pattern (in linear scale); b) normalized power 

pattern (in linear scale); c) normalized power pattern (in dB)  

HPBW = half power beamwidth 

FNBW = first null beamwidth 

Main lobe: The antenna lobe containing the direction of maximum radiation 

HPBW: Angular separation between two half power points on the main lobe is called half power 

beamwidth. For instance, in Figure 2.3c HPBW= 420 

FNBW: Angular separation between two first nulls of the antenna pattern are called first null 

beamwidth. For instance, in Figure 2.3c FNBW= 600 

2.2.2. Directivity 

The directivity of the antenna is defined as the ratio of radiation intensity in a given direction from 

the antenna to the radiation intensity averaged in overall directions [1]. The radiation intensity in 

a given direction is a power radiated by an antenna per unit solid angle whereas the average 

radiation intensity is equal to total power radiated by antenna divided by 4π. In mathematical form, 

directivity can be written as:  

 
D =

𝑈

𝑈𝑜
=
4π𝑈

𝑃𝑟𝑎𝑑
   (dB) (2.46) 

 U=𝑟2𝑊𝑟𝑎𝑑  (W) (2.47) 
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where U= radiation intensity, 𝑃𝑟𝑎𝑑= total radiated power and 𝑊𝑟𝑎𝑑= radiation density. 

2.2.3. Antenna Efficiency 

There are several types of efficiency that can be related to an antenna. The overall antenna 

efficiency 𝑒𝑜 considers losses at the input terminal and within the structure of the antenna. Such 

losses are mainly due to impedance mismatch between the antenna and transmission line, or 

conduction and dielectric losses (I2R) as illustrated in Figure 2.4. 

 

Figure 2.4 Reference terminal and losses of an antenna 

In general, the total antenna efficiency can be written as: 

 𝑒𝑜 = 𝑒𝑟𝑒𝑐𝑒𝑑 (2.48 ) 

𝑒𝑜 = antenna total efficiency  

𝑒𝑑 = dielectric efficiency   

𝑒𝑟 = reflection efficiency= (1-|Γ|2) 

𝑒𝑐 = conduction efficiency 

whereas Γ = voltage reflection coefficient of an antenna and is defined as  

 
Γ =

(𝑍𝑖𝑛 − 𝑍0)

(𝑍𝑖𝑛 + 𝑍0)
 (2.49 ) 

𝑍𝑖𝑛 = input impedance of an antenna 

𝑍0 = characteristic impedance of the transmission line 

Generally, it is complicated to compute 𝑒𝑐 and 𝑒𝑑. However, they can be determined 

experimentally as a single value. Therefore, we can rewrite the equation (2.48) as 
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 𝑒𝑜 = 𝑒𝑐𝑑(1-|Γ|2) (2.50 ) 

whereas the term 𝑒𝑐𝑑 is referred to radiation efficiency, which is also often used to relate antenna 

gain and directivity. 

2.2.4. Gain 

i) Relative Gain  

The relative gain of the antenna is defined as a ratio of the power gain in a given direction to the 

power gain of a reference antenna in its reference direction. For correct measurement, the input 

power should be kept the same for both antennas. The reference antenna is usually a dipole 

antenna, horn antenna, or any antenna that gain is known or can be calculated. The mathematical 

expression for antenna gain can be written as: 

 
G =

4π𝑈(θ,ϕ)

𝑃𝑖𝑛(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑎𝑛𝑡𝑒𝑛𝑛𝑎)
 (2.51 ) 

where U(θ,ϕ) = radiation intensity 

ii) Realized Gain 

According to the definition of IEEE standards [2], an antenna gain does not include the losses 

resulting from impedance mismatches and dissipative losses as defined in Section 2.2.3. The term 

“realized gain” which is also referred to an absolute gain takes account of all mismatch/reflection 

losses represented in equation (2.48) as: 

 

G(θ,ϕ) = 𝑒𝑜 (
4π𝑈(θ, ϕ)

𝑃𝑟𝑎𝑑
) 

(2.52 ) 

 

The expression (2.50) can also be related to directivity as: 

 G(θ,ϕ) = 𝑒𝑜D (2.53 ) 

 

2.2.5. Impedance Bandwidth 

Impedance bandwidth and pattern bandwidth are the most common bandwidths, which are usually 

employed to characterize antennas. The impedance bandwidth is the range of the frequencies for 

which the return loss (i.e. 𝑆11(dB) ) of an antenna lies below -10dB (VSWR ≤ 2) as shown in Figure 

2.5. Since the return loss and VSWR are measurements of how much power is reflected by the 

antenna from the transmission line, the input impedance of the antenna must be matched with the 

impedance of transmission line for maximum power transfer over a given frequency range. The 
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mathematical expression for VSWR, reflection coefficient and return loss are given in equation 

2.54, 2.55 and 2.56. 

 
VSWR =

1 + |Γ|

1 − |Γ|
 (2.54 ) 

 
Γ =

(𝑍𝑖𝑛 − 𝑍0)

(𝑍𝑖𝑛 + 𝑍0)
 (2.55 ) 

 S11(dB) = 20 log |Γ| (2.56 ) 

The bandwidth is expressed in percentage of the frequency difference of upper minus lower 

frequency over the center frequency. For example, a 10% bandwidth indicates that the frequency 

difference of the acceptable operation is 10% of the center frequency. The analytical relation for 

percentage bandwidth can be written as:  

 
% bandwidth =

𝑓ℎ − 𝑓𝑙
𝑓𝑐

 (2.57 ) 

The pattern bandwidth is associated with gain, side lobe level, beamwidth, polarization and beam 

direction over certain range of frequency where an acceptable level of these parameters is 

maintained. 

 

Figure 2.5 S-parameter plot for visualizing impedance bandwidth 

flower, fupper, and fc are the lower, upper, and center frequency of the response 

2.3 Planar Transmission Lines 

Most electronic circuits, and especially high frequency digital, RF, and microwave circuits, 

employ transmission lines. Among these, printed circuit structures known as planar transmission 

lines are the most useful in modern electronics. They are used in microwave not only as 

interconnects for carrying signals between different components but also to develop various 
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matching networks, baluns, couplers, hybrids, filters, etc. Microstrip line, coplanar waveguide 

(CPW), strip line, coplanar strip line (CPS), finline, slot line, and substrate integrated waveguide 

(SIW) are some of the common planar transmission lines. This section describes three types of 

planar lines: i) microstrip line; ii) coplanar waveguide; and iii) substrate integrated waveguide.  

2.3.1. Microstrip Line 

The microstrip line was proposed by a group of engineers from the Federal Communications 

Research Laboratories in December 1952 [3].  It is one of the most popular planar transmission 

lines primarily due to its simple structure, ease of fabrication and direct integration with both active 

and passive microwave circuits [4]–[6]. The geometry of the microstrip line is provided in Figure 

2.6. It consists of a metallic strip of width “w” on a grounded dielectric substrate of height “𝑑” and 

relative permittivity ε𝑟. The microstrip line does not support the propagation of transverse 

electromagnetic mode (TEM) since the top metallic strip of width “𝑤” is exposed to air. As a 

result, the signal in the microstrip line travels with two different phase velocities; outside the 

substrate and inside the substrate.  

Hence, the actual mode of propagation inside the microstrip line is the hybrid mode between TE 

and TM mode. Field distribution for microstrip line is illustrated in Figure 2.6b. However, in most 

practical applications, the dielectric substrates are extremely thin as compared to the operating 

wavelength of the propagating signal, which allow them to be treated as a quasi-TEM mode. 

Therefore, good approximations for phase velocity, propagation constant, and characteristic 

impedance can be derived from the quasi-static solution. Given the design dimensions, the 

characteristic impedance of the microstrip line can be calculated by the following expressions [7]: 

 

𝑍𝑜 =

{
 
 

 
 60

√𝜀𝑒
ln (

8𝑑
𝑊 +

𝑊
4𝑑
)                                                              𝑓𝑜𝑟 𝑊/𝑑 ≤ 1

120𝜋

√𝜀𝑒 [
𝑊

𝑑⁄ + 1.393 + 0.667 ln(𝑊 𝑑⁄ + 1.444)]

         𝑓𝑜𝑟 𝑊/𝑑 ≥ 1   
 

 

(2.58 ) 

where 𝑊 is the width of the microstrip line, 𝑑 is the height of the substrate, and  ε𝑒is the effective 

permittivity of the dielectric substrate, which accounts for the fact that fields around the microstrip 

line are partly in the air and partly in the dielectric substrate. The effective dielectric constant of 

the microstrip line can be approximated by:  
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ϵ𝑒 =

ε𝑟 + 1

2
+
ε𝑟 − 1

2

1

√1 + 12𝑑 𝑊⁄

 (2.59 ) 

 

      

                                         a)                                                                              b) 

Figure 2.6 a) Geometry of microstrip line; b) Field distribution 

There are three primary losses related to the microstrip line; conductor loss, dielectric loss, and 

radiation loss. The relation for the dielectric losses approximated in [8] is provided in (2.60). 

Similarly, the expression for ohmic loss is also given in (2.61). The radiation loss usually appears 

at high frequencies. This loss has been studied in [9], and the relation for radiation loss 

corresponding to the matched microstrip line is provided in (2.62 ). By looking at this equation, 

the radiation loss can be reduced by using a thin conductor strip or high permittivity substrate. 

 𝑎𝑑 =
𝑘𝑜ε𝑒(ε𝑟−1) tanδ

2√ε𝑒(ε𝑟−1)
; 𝑘𝑜 =

2π

λ𝑜
;  tan δ =  

ε𝑟(𝑖𝑚𝑔𝑖𝑛𝑎𝑟𝑦)

ε𝑟(𝑟𝑒𝑎𝑙)
 

ε𝑟 = ε𝑟(𝑟𝑒𝑎𝑙) − 𝑗ε𝑟(𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦) 

(2.60 ) 

 
𝑎𝑐 =

𝑅𝑠
𝑍𝑜𝑊

;  𝑅𝑠 = √
ωμ𝑜
2σ

 (2.61 ) 

 

𝑎𝑟 = 60(
(2π𝑡)

λ𝑜
)

2

(1 −
ε𝑒 − 1

2√ε𝑒
log (

√ε𝑒 + 1

√ε𝑒 − 1
)) 

t= thickness of the conductor 

(2.62 ) 

2.3.2. Co-planar Waveguide 

The coplanar waveguide (CPW) was proposed by Wen [10] in 1969. It consists of a strip of 

metallic conductor on a dielectric substrate with two ground planes running adjacent and parallel 

to the strip on the same surface. Since the dominant mode is quasi-TEM, there is ideally no cut off 

frequency in CPW. The presence of three separate conductors on the same surface makes it suitable 
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for integration with external passive and active devices. A useful relation for finding the 

characteristic impedance of CPW [11], [12] is provided in equation (2.63). The geometry of simple 

coplanar waveguide with design variables is given in Figure 2.7a. 

 

a)                                                                        b) 

Figure 2.7 Geometry of a) coplanar waveguide; b) grounded coplanar waveguide 

 
𝑍𝑜 =

30π𝐾(𝑘′𝑜)

√ε𝑒𝐾(𝑘𝑜)
 (2.63) 

where  

 
𝑘𝑜 =

𝑆

𝑆 + 2𝑊
 (2.64) 

 
𝑘′0 = √1 − 𝑘0

2 (2.65) 

where 𝐾(𝑘𝑜) is the elliptical integral of first kind. More details in this regards are available in [13].  

There are several configurations of coplanar waveguide discussed in [11]. One of the most 

common is the grounded CPW, which has an additional ground plane beneath the dielectric 

substrate. This configuration is used, for instance, for high power applications requiring heat 

dissipation as the back conductor allows a body contact to a heat sink. The design geometry for 

this configuration is given in Figure 2.7b. Like CPW, GCPW supports quasi TEM mode of 

propagation. The loss in CPW is generally dominated by conductor and dielectric loss, whereas 

the radiation loss is almost negligible at high frequencies due to tight E-fields confinement between 

the adjacent ground planes. The dielectric loss related to the quasi-TEM mode is given by equation 

(2.66) [13].  

 𝑎𝑑 = 27.29
ϵ𝑟

√ε𝑒𝑓𝑓

[ε𝑒𝑓𝑓−1]

[ε𝑟−1]

tanδ

𝜆0
 (dB/unit length) (2.66) 
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where 𝜆0, tan δ,  ε𝑟 and ε𝑒𝑓𝑓 are the free space wavelength, loss tangent, relative permittivity and 

effectivity permittivity of the substrate. The mathematical expression for conductor loss computed 

by perturbation method can be written as [14] : 

 𝑎𝑐 =
𝑅𝑠

16𝐾2(𝑘)(1−𝑘2)𝑍𝑜
× {[

1

𝑎
ln (( 

2𝑎

∆
− 1) (

𝑏−𝑎+∆

𝑏+𝑎+∆
))] + [

1

𝑏
ln (( 

2𝑏

∆
− 1) (

𝑏−𝑎+∆

𝑏+𝑎+∆
) )]}  

 

(2.67) 

where 𝐾(𝑘) is the complete elliptical integral of first kind, ∆ is the small distance from edges of 

the conductor, 𝑘 =
𝑎

𝑏
, 𝑎 =  

𝑆

2
, 𝑏 =  𝑤 +

𝑆

2
 and 𝑅𝑠 are the series resistance of the center conductor 

in ohm per unit length. 

2.3.3. Substrate Integrated Waveguide 

For many years, conventional transmission lines such as microstrip lines have been used for 

transporting electromagnetic energy between different microwave devices due to their low cost, 

simple fabrication, and full-scale integration with planar structures. However, their performance 

at mm-wave frequencies is less acceptable due to various transmission losses such as conductor 

loss, dielectric loss, and the radiation loss [7] which not only degrades their performance but also 

enables strong coupling between adjacent devices. 

In contrast, classical metallic waveguides are well known for their low loss and high-power 

handling for mm-wave frequencies. However, the problems like the large size and weight, high-

cost fabrication [15] and incompatibility for direct integration with planar structures makes them 

undesirable for compact and low-profile mm-wave circuits. To address, the above-mentioned 

problems, an alternative to metallic waveguide has been developed  called substrate integrated 

waveguide (SIW) [16], also known as a laminated waveguide [17]. It combines the advantages of 

both the planar circuits and the metallic waveguide such as compact size, low loss, high-quality 

factor, shielding, and high power handling [15]. SIW can be realized with a set of two arrays of 

metallic posts implanted in the substrate parallel to each other as shown in Figure 2.8 whereas the 

top and bottom copper cladding act as PEC (perfect electric conductor) sheets or waveguide 

electric walls. The array of the metallic post/plated through holes (PTH) with a set of two 

conducting sheets on the same substrate provide the attributes of waveguide in a planar form. The 

SIW technology is employed in various microwave and millimeter-wave circuits including 

directional couplers [18], cavity-filters [19], oscillators [20], and power amplifiers [21],  as well 

as antenna feed and distribution structures. SIW components with the ease of planar integration 
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can be designed on a single printed board, however, generally require a transition to a planar 

topology such as microstrip to launch signals. This offers a viable solution for mm-wave 

applications such as wireless networks, automotive radars, and biomedical devices.  

2.3.3.1. Working Principle 

Substrate integrated waveguides have propagation and dispersion characteristics similar to 

rectangular metallic waveguides, provided that the metallic wall posts/vias are placed close enough 

for the radiation leakage to be minimal. However, they are dielectric filled rather than air filled 

waveguides. This can make SIW more lossy than rectangular waveguide especially at mm-wave 

frequencies due to dielectric loss.  

 

Figure 2.8 Simulated model for an SIW define variables 

Additionally, the SIW structures do not permit 𝑇𝑀 modes due to discontinuous side walls. The 

mathematical expression for the cut off frequency of the fundamental mode 𝑇𝐸10 and the second 

mode in SIW is given below [22]. 

 

{
 
 

 
 𝑓𝑐(𝑇𝐸10) =

𝑐

2√𝜀𝑟
(𝐴𝑟 −

𝐷2

0.95𝑃
)

−1

𝑓𝑐(𝑇𝐸20) =
𝑐

2√𝜀𝑟
(𝐴𝑟 −

𝐷2

1.1𝑃
−

𝐷2

1.1𝑃2
)

−1 

 

(2.68) 

 
𝐴𝑒 = 𝐴𝑟 −

𝐷2

0.95𝑃
 (2.69) 
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λ𝑔 =

2π

√
ε𝑟(2π𝑓)2

𝑐2
− (

π
𝐴𝑒
)
2
 

(2.70) 

where 𝐴𝑟  is the width of the SIW waveguide, 𝐴𝑒 is the equivalent width in a normal dielectric 

filled rectangular waveguide 𝐷 is the diameter of vias and 𝑃 is the longitudinal spacing between 

adjacent vias. The relation (2.69) is further refined in [22] which takes into account dispersion 

effects and can be re-written as:  

 
𝐴𝑒 = 𝐴𝑟 − 1.08

𝐷2

𝑃
+ 0.1

𝐷2

𝐴𝑟
  (2.71) 

2.3.3.2. Loss Mechanism 

A key issue in designing SIW structures is the minimization of the losses, especially at mm-wave 

frequencies. There are three main loss mechanisms which need to be considered in designing SIW 

structures: i) the dielectric loss [23], ii) the conductor loss [23], and iii) the radiation loss [24]. The 

mathematical expressions for these losses are given below: 

 
𝛼𝑐 = √

𝜔𝜇𝑜
2𝜎

  ×
(2ℎ𝜋2 + 𝐴𝑒

3𝑘2)

𝐴𝑒
3ℎ𝛽𝑘𝜂

 

ℎ = height of the substrate; 𝛽 = phase constant = 
2π

𝜆
 

 𝜂 = intrinsic impedance =√
𝜇𝑜

ε𝑟 ε𝑜
  ; 𝜎 = conductivity of the metal 

(2.72) 

 
𝛼𝑑 =

𝑘2 tan 𝛿

2𝛽
 

tan 𝛿 = dielectric loss tangent 

(2.73) 

 

𝛼𝑅 =

1
𝐴𝑒
(
𝐷
𝐴𝑒
)
2.84

(
𝑃
𝐷 − 1)

6.28

4.85√
2𝐴𝑒
𝜆𝑔

− 1

 
(2.74) 

where 𝛼𝑐 is the conduction loss, 𝛼𝑑 is the dielectric loss, and 𝛼𝑅 is the radiation loss. SIW 

conductor loss is similar to metallic waveguides and is primarily affected by the substrate 

thickness, as the conductor losses depend on the surface current integral |𝐽|2 on the metal surface. 

Furthermore, the attenuation constant is inversely proportional to the height of the substrate, which 

implies that conductor loss can be reduced by increasing the height of the substrate. Conversely 

the dielectric losses depend on the dielectric material only, not on the shape of the SIW. Therefore, 
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it can be reduced by using better quality, low loss dielectric materials. Lastly, the radiation loss 

can be kept within acceptable limits by adopting the criteria 𝐷 = 𝜆𝑔/5 and 𝑃 ≤ 2𝑑 mentioned in 

[25]. Larger spacing between the SIW vias results in high lateral radiation leakage, which would 

cause high coupling or crosstalk between adjacent SIW channels. The insertion loss of the SIW, 

which generally accounts for the conductor, dielectric and radiation losses can be significantly 

increased by the effect of the conductor surface roughness. Over the years, various analytical 

models for the conductor surface roughness have been developed for the metallic surfaces and 

incorporated in commercial electromagnetic software for conducting their design study. For 

illustration purpose, the effect of the surface roughness on the insertion loss of 40mm long SIW is 

simulated and provided in Figure 2.9, which clearly indicates the high insertion loss with increased 

surface roughness. 

A comprehensive study on the losses in SIW, microstrip lines, and coplanar waveguides is 

provided in [26], which supports the fact that the losses in the SIW structures are smaller than the 

microstrip lines. Furthermore, it is important to notice here that reducing the substrate thickness 

also makes the metal surface roughness effect more prominent on the SIW performance.  

2.3.3.3. Size and Bandwidth 

Another important factor to be considered before designing SIW structures is their size and 

operational bandwidth. The width of the SIW defines the cut off frequency of the fundamental 

mode 𝑇𝐸10 and is usually more compact than the metallic waveguides due to factor 𝜀𝑟 > 1. 

Various techniques have been proposed to reduce the size of the conventional SIW structures. In 

[27] substrate integrated folded waveguide is proposed with a metal septum which reduces the size 

of the waveguide by a the factor of 2 with slightly larger losses. Half mode substrate integrated 

waveguide  based on a virtual magnetic wall are presented in [28], and offer nearly 50% size 

reduction of the SIW structure. On a similar note, several topologies of SIW structures are also 

developed to enhance its operational bandwidth. For instance, in [29] substrate integrated slab 

waveguide is proposed, where the dielectric medium of the waveguide is periodically perforated  

with air holes along the lateral portion of the waveguide. This strategy permits mono-modal 

bandwidth from 7.5 to 18 GHz. In another study [30], the deployment of ridge waveguide in SIW 

can improve the mono-modal bandwidth up to 73% from 4.9 to 13.39 GHz. In [31], the 

performance of the ridge waveguide is further improved by placing a row of the partial height 

metallic cylinders in the middle of the SIW, with metal plate connected at the bottom of the 
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cylinders. This approach can further enhance the operational bandwidth of SIW up to 168% from 

6.8 to 25GHz. Other SIW structures have also been described in the literature and are summarized 

in [32], including substrate integrated slab-waveguide (SISW), substrate integrated non-radiating 

dielectric (SINRD) guide, substrate integrated image dielectric guide (SIJDG), substrate integrated 

inset dielectric guide, and substrate integrated insular guide (SIIG).  

 

Figure 2.9 Simulated SIW insertion loss study for difference values of the mean copper surface 

roughness in mm 

2.4. Conventional Dielectric Resonator Antennas  

The GDRAs in this work present some similar behavior to classic homogenous DRAs. This section 

gives some background of conventional DRAs to provide a better understanding for comparison.  

Since the 1960s, dielectric resonators have been used as high-Q-factor elements in the microwave 

applications. They offer a compact and viable alternative to waveguide cavity resonators with 

easier   integration to printed board circuits. They can perform various functions such as filters and 

oscillators and are often found enclosed in metal shielding to avoid any radiation. 

By removing the metal shielding and with an appropriate way of excitation, it was found that the 

same dielectric resonator could become an efficient radiator. Additionally, by using lower 

permittivity dielectric material, this radiation behavior could be extended to a wide range of 

frequencies. In the 1980s, Long, McAllister, and Shen conducted a systematic study on dielectric 

resonators as a radiating elements [33]–[35]. Their research examined various shapes such as 
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spherical, cylindrical, and rectangular dielectric resonator antennas and found that they could be 

utilized as an attractive substitute to traditional low gain antennas such as monopoles, dipoles, and 

microstrip patches. 

Dielectric resonator antennas have been considered an important alternative to the conventional 

antennas since their discovery. The key performance parameters which made them much more 

popular and technically acceptable are the wide impedance bandwidth, low loss, high radiation 

efficiency, and their compact size. All these characteristics are directly related to the physical 

geometry of the DRA. For instance, they offer low loss and high radiation efficiency due to lack 

of conduction and surface wave loss as there are no metal surfaces involved. This merit could be 

very useful for application at high frequencies such as in the range from 30GHz to 300GHz, where 

the conduction loss is proportional to the design frequency. 

Similarly, the wide bandwidth feature is related to the 3D surface of the DRA, whereas the 

conventional patch antennas radiate energy through a 2D surface only. The compact size of the 

dielectric resonator antenna is linked with the relative permittivity of the design material. The size 

of the DRA is proportional to 
𝜆𝑜

√𝜀𝑟
 with 𝜆𝑜 = 

𝑐

𝑓𝑜
 , where  𝑓𝑜 is the resonant frequency and 𝜀𝑟 is the 

relative permittivity of the material forming the radiating structure. By using the DRAs at high 

permittivity, the physical size of the antenna could be shrunk by an approximate factor of √𝜀𝑟.  

2.4.1. Working Principle 

The term dielectric resonator emanates from the concept of dielectric material having the ability 

to resonate at certain frequencies. It is commonly treated as an energy storing device due to it 

inherit high-Q-factor. However, it was observed that by lowering the Q-factor, DRs could be used 

as a resonator as well as an effective radiating source at certain frequencies. This phenomenon can 

be explained as follows: The high Q-factor dielectric material cannot radiate much energy 

irrespective of any coupling mechanism as the fields are tightly confined within the structure. 

Whereas, reducing the Q-factor, allows the excited radio waves to move back and forth inside the 

resonator walls forming standing waves and, hence storing electrical energy. Oscillating current 

introduces oscillating electric fields (E) and oscillating magnetic fields (H). The time-varying 

fields radiate away from the antenna into space due to accelerating currents, provided the resonator 

is excited at proper mode. Some common radiating modes for standard shaped DRAs are 

𝑇𝐸111
𝑧 ,  𝑇𝐸113

𝑧  (for rectangular DRA) where subscript z shows the number of E-field cycles along 
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the height of the DRA i.e., z-axis, 𝑇𝐸111,  𝑇𝐸101 (for hemispherical), 𝑇𝐸01 ,  𝑇𝑀01, and 

𝐻𝐸11/𝐸𝐻11 (for cylindrical). For demonstration purpose, the working principle of rectangular 

DRAs is discussed here as the general function is somewhat comparable to aid in the understanding 

of the GDRAs. 

2.4.2. Rectangular DRA 

The three-dimensional cross-sectional view of the rectangular DRA (RDRA) is shown in Figure 

2.10. The design parameters for rectangular DRA are 𝑎 × 𝑑 × 𝑏 (width×length×height) and the 

relative dielectric constant is 𝜀𝑟. The major design advantage of the rectangular DRA is its three 

independent geometrical dimensions, which allows more design flexibility as compared to other 

shapes of DRAs. For any given resonant frequency and fixed dielectric constant, two out of the 

three dimensions of the rectangular DRA can be chosen independently. In contrast, the cylindrical 

DRA has only one degree of freedom while the hemisphere has none. The dielectric waveguide 

model (DWG) [36] is normally used to predict the resonant frequency and radiation Q-factor of an 

isolated rectangular DRA. 

 

Figure 2.10 Rectangular DRA with dimensions 𝑎, 𝑑 and 𝑏 

The dielectric waveguide model was first proposed by Marcatili [36] to determine the guided 

wavelength in rectangular dielectric guides. Figure 2.11a shows the model of the dielectric 

waveguide with the width “𝑎” in the y-direction, height “𝑏” in the z-direction and the wave 

propagation in the x-direction. The field modes inside the waveguide can be classified into 𝑇𝐸𝑚𝑛
𝑧  

and 𝑇𝑀𝑚𝑛
𝑧  where 𝑚 and 𝑛 denotes the number of field extrema in the y and z-directions inside the 

guide. Moreover, the fields inside the guide are assumed to vary sinusoidally, whereas the outside 

fields are expected to decay exponentially as shown in Figure 2.11b  [36]. 
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a) 

 

b) 

Figure 2.11 a) Dielectric guide; b) Cross-sectional field distribution  

The wave propagation numbers 𝑘𝑥 , 𝑘𝑦 and 𝑘𝑧for |𝑦| ≤ 𝑎 2⁄  and |𝑧| ≤ 𝑏
2⁄  and the attenuation 

constant in the y and z-axis can be determined by matching the fields at boundary conditions as 

given below [37]: 

 𝑘𝑥
2 = 𝜀𝑟𝑘𝑜

2 − 𝑘𝑦
2 − 𝑘𝑧

2 (2.75) 

 
𝑘𝑦 =

𝑚𝜋

𝑎
(1 +

2

𝑎𝑘𝑜√𝜀𝑟 − 1
)

−1

 
(2.76) 

 
𝑘𝑧 =

𝑛𝜋

𝑏
(1 +

2

𝑏𝑘𝑜√𝜀𝑟 − 1
)

−1

 
(2.77) 

 
𝛼 =

1

√(𝜀𝑟 − 1)𝑘𝑜2 − 𝑘𝑦2
 

(2.78) 

 
𝛾 =

1

√(𝜀𝑟 − 1)𝑘𝑜2 − 𝑘𝑧2
 

(2.79) 

where 𝑘𝑜 is free space wavenumber given by: 
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𝑘𝑜 =

2𝜋

𝜆𝑜
=
2𝜋𝑓𝑜
𝑐

 
(2.80) 

and where 𝑓𝑜is the operating frequency, 𝜆𝑜 is free space wavelength and c is the speed of light. For 

well guided modes, fields are confined within the guide, which allows a further approximation of 

wave propagation numbers 𝑘𝑦 and 𝑘𝑧. 

 𝑘𝑦 =
𝑚𝜋

𝑎
 (2.81) 

 𝑘𝑧 =
𝑛𝜋

𝑏
 (2.82) 

This approximation is similar to considering magnetic walls boundary at 𝑦 = ±𝑎 2⁄  and 𝑧 =

±𝑏 2⁄ . 

2.4.2.1. Resonant Frequency and Q-Factor 

To build an RDRA, the dielectric waveguide is truncated along 𝑥 = ±𝑑 2⁄  with magnetic walls as 

shown in Figure 2.12b. This results in an isolated RDRA model in free space with dimensions 𝑎, 𝑏, 

and 𝑑. However, for practical applications, this model can be replaced with an RDRA with 

dimensions 𝑎, ℎ =
𝑏

2
 and 𝑑 mounted on a ground plane as shown in Figure 2.12c. 

 

a)                                                                               b) 
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c) 

Figure 2.12 Dielectric waveguide model (DWM) for rectangular DRAs a) Infinite dielectric 

waveguide; b) Truncated dielectric waveguide; c) DRA on a ground plane  

If the rectangular DRA has dimensions such as 𝑎, 𝑏 > 𝑑, the lowest order mode will be 𝑇𝐸𝛿11
𝑧  

(subscript z shows the number of E-field cycles along the height of the DRA i.e., z-axis)  By 

applying the dielectric waveguide model (DWM), the mode field components inside the DRA can 

be written as follows [38]: 

 𝐸𝑥 = 0 
 

(2.83) 

 
𝐸𝑦 = 𝐴𝑘𝑧cos(𝑘𝑥𝑥) {

cos(𝑘𝑦𝑦)

sin(𝑘𝑦𝑦)
} {
sin(𝑘𝑧𝑧)

cos(𝑘𝑧𝑧)
} 

(2.84) 

 
𝐸𝑧 = −𝐴𝑘𝑦cos(𝑘𝑥𝑥) {

sin(𝑘𝑦𝑦)

cos(𝑘𝑦𝑦)
} {
cos(𝑘𝑧𝑧)

sin(𝑘𝑧𝑧)
} 

(2.85) 

 
𝐻𝑥 = 𝐴

(𝑘𝑦
2 + 𝑘𝑧

2)

𝑗𝜔𝜇𝑜
cos(𝑘𝑥𝑥) {

sin(𝑘𝑦𝑦)

cos(𝑘𝑦𝑦)
} {
cos(𝑘𝑧𝑧)

sin(𝑘𝑧𝑧)
} 

(2.86) 

 
𝐻𝑦 = 𝐴

(𝑘𝑥𝑘𝑦)

𝑗𝜔𝜇𝑜
sin(𝑘𝑥𝑥) {

sin(𝑘𝑦𝑦)

cos(𝑘𝑦𝑦)
} {
cos(𝑘𝑧𝑧)

sin(𝑘𝑧𝑧)
} 

(2.87) 

 
𝐻𝑧 = 𝐴

(𝑘𝑥𝑘𝑧)

𝑗𝜔𝜇𝑜
sin(𝑘𝑥𝑥) {

sin(𝑘𝑦𝑦)

cos(𝑘𝑦𝑦)
} {
cos(𝑘𝑧𝑧)

sin(𝑘𝑧𝑧)
} 

 

(2.88) 

whereas by using equation (2.75), we have  𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 = 𝜀𝑟𝑘𝑜

2 

 
𝑘𝑧 tan (

𝑘𝑥𝑑

2
) = √(𝜀𝑟 − 1)𝑘𝑜2 − 𝑘𝑧2 

 

(2.89) 
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By plugging the values from (2.81), (2.82) and (2.75) into a transcendental equation (2.89) and 

solving it for 𝑘𝑧, the resonant frequency of rectangular DRA can be defined as follows: 

 
𝑓𝑜 =

𝑐

2𝜋√𝜀𝑟
√𝑘𝑥2 + 𝑘𝑦2 + 𝑘𝑧2 

(2.90) 

The radiation Q-factor of the rectangular DRA can be described by a relation [37] given below: 

 
𝑄 =

2𝜔𝑊𝑒
𝑃𝑟𝑎𝑑

 
(2.91) 

where 𝑊𝑒  is the energy stored in the DRA and 𝑃𝑟𝑎𝑑 is the radiated power. These quantities can be 

further defined as [37]:  

 
𝑊𝑒 =

𝜀𝑜𝜀𝑟𝑎𝑏𝑑

32
(1 +

sin(𝑘𝑧𝑑)

𝑘𝑧𝑑
) (𝑘𝑥

2 + 𝑘𝑦
2) 

(2.92) 

 𝑃𝑟𝑎𝑑 = 10𝑘𝑜
4|𝑝𝑚|

2 (2.93 ) 

 
𝑝𝑚 =

−8𝑗𝜔𝜀𝑜(𝜀𝑟 − 1)

𝑘𝑥𝑘𝑦𝑘𝑧
sin (

𝑘𝑧𝑑

2
) 𝑧̂ 

 

(2.94) 

𝑝𝑚= magnetic dipole moment of the DRA 

Moreover, the impedance bandwidth of the DRA can be estimated form the radiation Q-factor by 

using the following relation: 

 
𝐵𝑊 =

𝑆 − 1

𝑄√𝑆
 

(2.95) 

where 𝑆 is the maximum acceptable voltage standing wave ratio, which is usually considered 

VSWR = 2. Additionally, it can be concluded from the above-mentioned relation that the DRAs 

with higher Q-factor offers narrow impedance bandwidth as the fields get more confined inside 

the DRA structure. 

2.4.2.2. Radiation Model 

The radiation phenomena in an RDRA can be explained with the help of modes, which are the 𝐸 

and 𝐻-fields distributions inside the RDRA. Having prior knowledge of 𝐸 and 𝐻-field 

distributions inside the isolated RDRA not only helps to predict the radiation characteristics of the 

antenna but also in choosing an appropriate feed type for maximum coupling between the source 

and the DRA. However, here the lower order modes in the RDRA have been presented. 

The E and H field distributions for lowest mode order mode 𝑇𝐸𝛿11
𝑧  (subscript z denotes number E-

field extrema along z-axis) in RDRA mounted on an infinite ground plane are shown in Figure 
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2.13. These field distributions have close resemblance with the magnetic dipole along the z-axis. 

This observation consolidates the fact that radiation pattern generated by DRA can be 

approximated by the short magnetic dipole. Furthermore, H-fields for higher order modes such as 

𝑇𝐸𝛿13
𝑧  and 𝑇𝐸𝛿15

𝑧  are also presented in Figure 2.13d along with equivalent magnetic dipole model 

and corresponding radiation patterns. These modes also radiate like the dominant mode of the 

RDRA, however, for higher order modes, the antenna radiations get highly concentrated in 

broadside direction with an increased number of side lobes.  

 

a)                                              b) 

 

 

e) 

 
c) 

 
d) 
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             𝑇𝐸𝛿13…….…………………………………………..…𝑇𝐸𝛿15 

f) 

Figure 2.13 EM-field distributions of 𝑇𝐸𝛿11
𝑧  mode in the isolated rectangular dielectric resonator; 

b) Equivalent short magnetic dipole model; c) Ideal far-field patterns above an infinite ground 

plane d) H-field distributions for higher order modes in RDRA [38];  e) Magnetic dipole model 

for higher order modes in RDRA; f) Far-field patterns for higher order modes in RDRA 2  (d-f)  

2.5. Comparison of DRAs with Metal Patch Antennas 

DRAs have no  conductor loss, no surface-wave loss [39], narrow bandwidth and high radiation 

efficiency making them an excellent candidate for future mm-wave wireless applications [40]. In 

contrast, the surface and conductor loss become severe at high frequencies for traditional 

microstrip patch antennas (MPAs), which significantly reduce their radiation efficiency and make 

them more impractical for mm-wave applications. Typical MPAs are also comparatively 

narrowband. A comparison of the characteristics of DRA and MPA is presented in Table 2.1. 

A wideband strip fed DRA at 60-GHz is proposed in [41]. An impedance bandwidth of 7.5% with 

broadside gain of 7.1 dBi is achieved by using tapered microstrip open stub as the excitation and 

the impedance transformer. In [42] stacked DRAs were designed to achieve good radiation 

characteristics where a gain of 6 dBi is realized. In [43], a DRA was fed by coplanar waveguide 

to excite 𝐻𝐸𝛿11 mode, however radiation efficiency was low and a peak realized gain was 3.2 dBi 

only. In [44], a DRA antenna built from high resistivity silicon wafer via micromachining at 58 

GHz had reasonable gain and radiation efficiency of 7 dBi and 79%, however, it has narrow 

                                                 
2 Reprinted with permission from [38] A. Petosa, S. Thirakoune, and A. Ittipiboon, “Higher-order modes in rectangular DRAs for gain 

enhancement,” in 2009 13th International Symposium on Antenna Technology and Applied Electromagnetics and the Canadian Radio Science 

Meeting, 2009, pp. 1–4.  
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impedance bandwidth of only 3.8%. A broadband dual resonance slot couple DRA is proposed in 

[45], where the slot resonance and DRA resonance are merged to achieve broad impedance 

bandwidth characteristics. A brief summary of some of mm-wave dielectric resonator antennas is 

provided in Table 2.2. 

Table 2.1  Comparison of DRA and MPA 

Parameter Dielectric resonator antenna Microstrip patch antenna 

Dimension 
Maximum dimension, D =  

𝜆𝑜

√𝜀𝑟
 

Resonant length, L=0.49𝜆𝑒 

Radiation 

efficiency 

High as there are no conductor losses Poor due to surface waves 

Gain  Low High 

Bandwidth High Low 

Power handling High Low 

Conductor loss Minimum because of absence of 

conductor 

Exist due to conducting patch 

Polarization 

purity 

Easily achieved Difficult to achieve 

Resonant mode TE, TM, HEM TE, TM 

Waves Standing waves are formed due 

abrupt change in permittivity 

Surface waves are excited due to 

thicker dielectric substrate 

 

Table 2.2   Recent dielectric resonator antennas for millimeter applications 

Reference DRA type 
Relative 

permittivity 

Feeding 

mechanism 

Frequency 

(GHz) 

Impedance 

bandwidth 

(%) 

Gain 

(dBi) 

[46] Rectangular 10 Coupling 

slot 
24 3.8 6.3 

[47] Rectangular 48 CPW 60 2.8 3.2 

[48] Rectangular 38 H-slot 35 12 0.5 

[49] Rectangular 10 Meander 

slot 
130 11 4.7 

[50] Rectangular 12.6 Coupling 

slot 
60.5 6.1 6.0 

[51] Circular 42 
Folded 

dipole 
27.7 9.8 1 

       

 

2.6. Artificial Dielectrics 

Artificial dielectrics were first introduced in [52] as a lightweight substitute to real-dielectric 

materials, for developing microwave lenses [53]. The difference between the natural and artificial 



48 

 

dielectric is that atoms and molecules in artificial material are constructed artificially by humans. 

The term “artificial dielectric” came into use because they have macroscopic analogies to naturally 

existing dielectrics. An artificial dielectric can be realized by embedding small conducting 

structures in the host material in a regular pattern. These tiny structures cause the scattering of the 

electric field, when exposed to incident waves and thus create an effective equivalent delay [54]. 

The artificially engineered dielectrics can be considered as a homogeneous dielectric for 

frequencies at which the embedded structures are much smaller than the incident wavelength. The 

effective permittivity (𝜀𝑒𝑓𝑓) and permeability (𝜇𝑒𝑓𝑓) are the two important constituent parameters 

to define the characteristics of any material. They describe the response of a material to an incident 

electromagnetic wave. The material permittivity corresponds to the reaction of the electric field 

whereas permeability corresponds to how materials react and behave towards the applied magnetic 

field. Depending upon the type of the materials, the incident electromagnetic waves may cause 

increased electric or magnetic polarization in the material. The type of the induced polarization in 

a material depends upon the embedded particle shapes. For instance, particle shapes like square, 

rectangle or sphere produce electric dipole moment and hence cause electric polarization in the 

material whereas particles such as split rings generate circulating currents and enhances the 

magnetic polarization of the material. 

For most materials the electromagnetic properties can be characterized by a set of three Maxwell 

constitutive relations as given below: 

 𝑫 = 𝜀𝑬= 𝜀𝑜𝑬 + 𝑷 (2.96 ) 

 𝑩 = 𝜇𝑯=  𝜇𝑜(𝑯 +𝑴 ) (2.97) 

 𝑱 = 𝜎𝑬 (2.98 ) 

where 𝑫 is an electric displacement vector, 𝑷 is an electric polarization and 𝑴 is a magnetic 

polarization (magnetization). These equations support the fact that the permittivity and the 

permeability of the medium/material can be engineered by controlling the degree of electric or 

magnetic polarization.  

An influx of research has been conducted to miniaturize antennas using artificial magnetic 

materials [55], [56] which are used as a substrate for low profile antennas while maintaining the 

same performance matrix [56]. Microstrip patch antenna mounted on the magneto-dielectric 

substrate at 600 MHz is discussed in [57]. Double-negative (DNG) (with negative permeability 



49 

 

and negative permittivity), is another artificial material explored extensively in recent years. Since, 

the first DNG material [58] reported by Shelby et al. [59] great progress has been made in searching 

new DNG materials and their potential applications [60], [61]. DNG materials composed of split-

ring resonators (SRRs) and conducting wires rely on the microstructure suggested by Pendry et al. 

[62]. 

The DNG materials have been used for designing small antennas [63], sub wavelength cavities, 

and waveguides [64]. Investigation of DNG media, based on a mixture of spherical particles 

embedded in a host dielectric has been discussed and demonstrated in [65].  

Multiband material based on concentric resonant inclusions has been discussed in [66]. Triangular 

open ring resonator (TORR) inclusions described in [67]–[69], have excellent performance as 

magnetic ring resonators in the microwave region. The increased effective permittivity of the host 

dielectric material through the addition of dielectric inclusions has been presented in [70]. The 

effective permittivity achieved with a different number of layers of spherical inclusions. In [71] 

the resonant cavity thickness has been reduced up to λ/60 for ultra-thin directive antennas using 

artificial composite materials made up of capacitive and inductive grids. In [72] the author 

presented a highly efficient, compact, and wideband antenna by using an artificial substrate having 

equal permittivity and permeability. Texture dielectrics have been utilized for reducing the size of 

the antenna without degrading the bandwidth and efficiency by introducing lower permittivity in 

regions of higher current density and higher permittivity elsewhere [73]. 

The effect of the volume fraction of the cubic inclusions to the electromagnetic (EM) properties 

of the artificial heterogeneous medium has been studied in [74].  

Spheres [75], [76] are one of the most commonly used shapes for making artificial heterogeneous 

substrates because they offer equal size in three dimensions and have a relatively easy analysis as 

the induced field is uniform in all directions [77], [78]. Discs [79], cubes [80], ellipsoids, 

rectangular strips, and  I-shaped elements are other inclusions that have been discussed in the 

literature for making artificial heterogeneous substrates [81]. 

2.6.1. Gridded Dielectrics 

Gridded dielectrics [82] are recently discovered under the category of double positive artificial 

dielectrics (DPD). Gridded dielectrics can be conceptualized as an artificial dielectric material 
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composed of small metal inclusions arranged periodically in a host material to enhance the electric 

polarization. The polymer base dielectrics normally offer permittivity of 2-3 and are difficult to 

excite. On the other hand, ceramic dielectrics usually have high permittivity and narrow 

bandwidth. The concept of gridded dielectric provides an exciting alternative to high permittivity 

dielectrics, where the designer has more freedom in attaining the desired material characteristics 

by introducing metal embodiments of different shape and size in the host material. The design 

material can be optimized upfront in simulation software such as ANSYS HFSS and CST 

Microwave Studio before experimental validation and applied in the design of GDRAs as shown 

in the following chapters.  

Figure 2.14 provides the typical geometry of the gridded dielectric material. The material is 

comprised of low permittivity host dielectric and the tall metal grid embodiments. The dielectric 

body is made up of X-ray sensitive polymer PMMA. Deep micro-scale cavities are made in a 

PMMA resist through X-ray exposure. These exposed cavities are then developed and 

electroplated in metal using an electroforming process to create the inclusions. 

 

Figure 2.14 Geometry of gridded dielectric material  

The physical parameters such as shape, size, and spacing between the metal inclusions have a 

significant effect on the properties of the gridded dielectrics. Metallic inclusion size should be kept 

in order of 
𝜆0

10
, so they will not be self-resonant structures at the operating frequencies. Usually, 

large inclusions produce strong interaction with the incident electromagnetic waves whereas the 

smaller features appear more homogeneous to electromagnetic waves. Reducing the grids 

thickness and gap between the adjacent elements increases the electric flux density inside the grid 

structures which increases the electric permittivity of the host dielectric material. 
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Chapter 3 : GDRA Concept-Single Element Design and Feeding 
 

3.1. Introduction 

GDRAs were originally proposed in 2015 by our research group as a new double positive dielectric 

material offering good antenna properties such as mutli-resonance, new resonant modes, broadside 

radiation patterns and good radiation efficiency. However, the proposed design concept had 

limited scope for future wideband mm-wave applications as it was restricted to microstrip line 

edge feeding due to feed line and grid short circuiting, and had relatively low impedance bandwidth 

i.e., typically<6%. 

This chapter3 presents the new concept for GDRA element feeding to improve performance and 

practicality. It also compares the original I-beam inclusions to a new rectangular inclusion 

structure. In the first segment of the chapter, the previously designed I-beam GDRAs fed by 

microstrip line (developed by S. Ganguly in [1] and fabricated at Karlsruhe Institute of Technology 

(KIT) Germany) were used to evaluate the potential of new planar feed structures. In this case, two 

different options for coplanar waveguide (CPW) feeding at 22.6-26.6 GHz and 26.6-29.3 GHz 

were studied by applying a thin 300µm perforated PMMA layer between the feed layer and metal 

inclusions of the GDRA to avoid short-circuiting the underneath feed line. This multi-segment 

approach also results in a GDRA structure that improves the impedance bandwidth up to 16.3%, 

while providing a maximum realized gain of 7.2 dBi across the frequency band with excellent 

broadband patterns and -18 dB cross-polarization levels. Moreover, the near-field distributions of 

the GDRAs with the new feed options are also examined, and their effect on antenna GDRAs 

radiation pattern is discussed.  

In the second segment4 of the chapter, new rectangular inclusion-based grid GDRAs (fabricated at 

SyLMAND Canadian Light Source (CLS), Saskatoon) are investigated in detail for reducing the 

GDRA fabrication complexities and increasing the effective permittivity compared to the 

previously explored I-beam GDRAs. Lastly, SIW based longitudinal slot coupling is successfully 

                                                 
3Details including some textual material, some illustrations and some tabular material in Section 3.2-3.5 are published in W. Mazhar, D. M. 

Klymyshyn, M. Tayfeh Aligodarz, S. Ganguly, A. A. Qureshi, and M. Boerner, “CPW fed grid dielectric resonator antennas with enhanced gain 
and bandwidth,” Int. J. RF Microw. Comput. Eng., vol. 29, no. 3, p. e21639, Mar. 2019. ©  2019 Wiley. Reprinted with permission. 
4Details including some textual material, some illustrations and some tabular material in Section 3.5 are accepted in W. Mazhar, D. Klymyshyn, G. 

Wells, A. A Qureshi, M. Jacobs, and S. Achenbach, “Low profile artificial grid dielectric resonator antenna arrays for mm-wave applications,” 
IEEE Trans. Antennas Propag., vol. 67, no. 07, 2019 © 2019 IEEE. Reprinted with permission. 
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demonstrated for exciting the single GDRA element, which results in wide impedance bandwidth 

of 3.9 GHz from 30.2-34.1 GHz with a peak broadside gain of 6.4 dBi. This type of feeding is 

suitable for large GDRA arrays, such as SIW series slot fed GDRA arrays, which is demonstrated 

in the coming chapters. 

3.2. I-beam GDRA Concept 

The I-beam GDRA is shown in Figure 3.1a, which shows the top view of the overall grid 

arrangement and details of the lateral cross-section of the embedded metal grid elements. The grid 

elements and arrangement are similar to the concept presented in [2] , however, in this case, a thin 

intermediate layer of polymer 𝝙z is introduced underneath the grid structures, as shown in Figure 

3.1a.  

 

a) 

 

b) 

Figure 3.1 a) Model of GDRA with I-beams and the intermediate layer 𝝙z; b) E-field pattern for a 

sample GDRA fed through GCPW at 24 GHz © 2019 Wiley. Reprinted with permission 

Further design details are also available in Table 3.1. The metallic I-beam grid tends to increase 

the effective relative permittivity of the host material by creating high electric flux density regions 
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between the small gaps of the adjacent metal grid elements, as seen in the E-field patterns of the 

GDRA shown in the expanded view of Figure 3.1b. This relates to the increase of electric dipole 

polarization in the region, which increases the effective permittivity of the host material. This 

effect can be further described by Maxwell constitutive relations given below: 

 𝑫 = 𝜀𝑒𝑓𝑓𝑬= 𝜀𝑏𝑬 + 𝑷 (3.1) 

 𝜀𝑒𝑓𝑓= 𝜀𝑏 +
𝑷

𝑬
 (3.2) 

where 𝜀𝑏 is the permittivity of the base material, 𝜀𝑒𝑓𝑓 is the effective permittivity of the artificial 

engineered material (i.e., in this case GDRA), and 𝑷 is the electric polarization which is an average 

electric dipole moment per unit volume of the material. Therefore, it is evident from equation 3.2 

that increasing the electric dipole moment in the region enhances the effective permittivity of the 

material.  

3.2.1. Effective Permittivity Estimation 

There are several techniques available for retrieving the constitutive parameter of the artificial 

dielectric materials. However, in this case, the scattering S-parameters technique available in CST 

Microwave Studio is utilized for estimating the effective permittivity of the grid dielectric material. 

Closely spaced embedded metal inclusions with I-beam structures are arranged in a square grid to 

increase the localized electric field intensity inside the grids. The size of the embedded inclusions 

and separation gaps is chosen to maintain an aspect ratio < 10 for feasible fabrication. Moreover, 

the lateral dimensions of the inclusions 𝐼𝑥, 𝐼𝑦 and spacing in the rectangular grids 𝐼𝑥−𝑔 ,  𝐼𝑦−𝑔  is 

kept <(
𝜆𝑒𝑓𝑓

10
) to avoid any incident wave scattering or self-resonance of the grid structures. All 

design variables for this study are provided in Figure 3.1 and Table 3.1. The reflection and 

transmission coefficients are calculated from an electromagnetic wave incident on a square block 

of grid dielectric material. The simulation model comprised of two-waveguide ports with a pair of 

the perfect electric conductor (PEC) and perfect magnetic conductor (PMC) walls as shown in 

Figure 3.2a. The resulted 2-ports solution is used to estimate the effective permittivity  of the grid 

dielectric material through a set of equations [3] given below:  

 
𝑧 = ±√

(1 + 𝑆11)
2 − 𝑆21

2

(1 − 𝑆11)
2 − 𝑆21

2  

 

(3.3) 



62 

 

 𝑒𝑗𝑛𝑘𝑜𝑑 = 𝑋 ± 𝑗√1 − 𝑋2 

 

(3.4) 

 𝑋 =
1

2𝑆21(1 − 𝑆11
2 + 𝑆21

2 )
 

(3.5) 

where 𝑛 and 𝑧 are the refractive index and impedance of the material under test. Since the grid 

material under consideration is a passive medium, hence the signs of the equation 3.3 and 3.4 are 

determined by the following requirement: 

 𝑧′≥0 (3.6) 

 𝑛′′≥0 (3.7) 

where (−)′ and (−)′′ indicate the real and imaginary parts of the operators, respectively. The 

refractive index of the material can be determined from equation 3.4 as follows: 

 𝑛 =
1

𝑘𝑜𝑑
{[ln(𝑒𝑗𝑛𝑘𝑜𝑑)′′ + 2𝑚𝜋] − 𝑗[ln (𝑒𝑗𝑛𝑘𝑜𝑑)]′}; 𝑘𝑜 = 

2𝜋

𝜆0
 (3.8) 

where m is an integer relative to the branch index of 𝑛′ and 𝑑 is the thickness of the slab/material 

under test. The imaginary part of the 𝑛 can be uniquely decided by using equation 3.7, whereas 

the real part is complex by the branches of the logarithm function. More detail about this procedure 

is available in [3]. Once the refractive index 𝑛 and impedance 𝑧 of the medium are available, the 

effective permittivity 𝜖 of the material can be estimated by the following relation: 

 ∈=
𝑛

𝑧
 (3.9) 

The CST Microwave Studio predicted linear magnitudes of 𝑆11 and 𝑆21 de-embedded to the front 

face of the grid dielectric material are provided in Figure 3.2b. Additionally, the retrieved effective 

permittivity of the test material along with refractive index 𝑛 and impedance 𝑧 are shown in Figure 

3.2b, and Figure 3.2c. An effective permittivity of 14.5 is realized at 24 GHz with the element 

dimensions of 0.2×0.5×0.85 mm (𝐼𝑥×𝐼𝑦×𝐼𝑧), and grid separation of 0.05mm. 

 



63 

 

 

a) 

 

b) 

 

c) 

Figure 3.2 a) Simulation setup for the permittivity estimation; b) Simulated reflection and 

transmission coefficients along with refractive index and impedance of the GDRA sample; b) Real 

and imaginary permittivity of the GDRA sample 
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3.2.2. Bandwidth Enhancement with an Intermediate Layer 

A thin intermediate layer, 𝝙z, of PolyMethyl-Methacrylate (PMMA) introduced underneath the 

grid structures produces a multi-layer DRA effect, which lowers the effective permittivity of the 

GDRA and produces an increase in impedance bandwidth. Figure 3.3a shows the frequency 

response of a CPW-fed simple GDRA (i.e., 𝝙z = 0) with an effective permittivity of 𝜀𝑑 = 14.4. An 

impedance bandwidth of 5.6% (i.e., 1.2 GHz at 23.48 GHz) is achieved, for the relatively high 

permittivity grid resonator. It is important to mention here that the stub length of 𝝙L = 0.3mm as 

shown in Figure 3.3b is used for exciting the simple GDRA in this case. The further increase in 

the stub-length (i.e., 𝝙L = 2mm) results in short-circuiting of the feedline and the GDRA grid 

structures, which limits the functionality of the GDRA due to high input reflections as shown in 

Figure 3.3b. 

The effective permittivity of the multi-layer GDRA is estimated by: 

 ∈𝑒𝑓𝑓=
𝜀𝑑.𝐼𝑧+𝜀𝑧.𝛥𝑧

𝐼𝑧+𝛥𝑧
                      (3.10) 

where 𝜀𝑑 is the effective permittivity of the GDRA layer with grids only, 𝜀𝑧 is the permittivity of the thin 

intermediate layer at the base of the GDRA, and 𝐼𝑧  and 𝛥𝑧 are the GDRA dimensions given in Table 

3.1. Using equation 3.10 the effective permittivity of the multi-layer GDRA is calculated to be 10.8. 

From the DWM approximation [4], it is known that the resonance frequency of rectangular DRAs 

has the following relation with the effective permittivity of the resonator. 

            𝑓𝑟,1 ∝
1

√𝜀𝑒𝑓𝑓
                                              (3.11) 

Therefore, the resonance frequency of the multi-layer GDRA with a thin polymer layer can be 

estimated as: 

 
   𝑓𝑟,2 ≅ 𝑓𝑟,1

√𝜀𝑒𝑓𝑓,𝐺𝐷𝑅𝐴

√𝜀𝑒𝑓𝑓,𝑀𝑆−𝐺𝐷𝑅𝐴
                                                 (3.12) 

The frequency response of the multi-layer GDRA is presented in Figure 3.3a, which demonstrates 

the bandwidth enhancement of 14.2%. The resonance frequency is also shifted as shown in Figure 

3.3a however, interestingly the change in resonance frequency is not as significant as estimated by 

equation 3.12, i.e.,  𝑓𝑟,2 ≅ 23.48
√14.4

√10.8
= 27.1 GHz. The simulated resonance of the multi-layer 

GDRA is observed at 25.2 GHz. Hence, adding a thin layer of dielectric under GDRA does not 

behave quite like a homogenous multi-layer DRA. In fact, the thin layer of the dielectric material 



65 

 

helps in mode matching at the interface between the GDRA and CPW feed line structure along 

with the slight decrease in the effective permittivity of the GDRA. The H-fields plots shown in 

Figure 3.4 for both simple GDRA and multi-layer GDRA illustrate this effect.  

 

           a) 

 
b) 

Figure 3.3 a) Effect of permittivity on impedance bandwidth of the normal and multi-layer GDRA 

fed through open-ended CPW feed; b) GDRA feedline arrangement for simple GDRA, 𝝙z=0 and 

for multi-layer GDR, 𝝙z=0.35mm © 2019 Wiley. Reprinted with permission. 

In comparison to the simple GDRA, a high concentration of H-fields can be seen at the interface 

between the multi-layer GDRA and the CPW feed line, which then get coupled into the GDRA. 
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Therefore, the introduction of a thin layer of dielectric under the GDRA results in more efficient 

coupling/smooth transition of the fields from the CPW line to the GDRA structure and hence 

produces a wide impedance bandwidth response. The GDRA intermediate layer thickness 𝝙z and, 

the CPW feed length 𝝙L are the two preliminary design parameters that can be used to maximize 

the coupling through mode matching. 

 

Figure 3.4 H-field distribution in XZ plane of CPW fed GDRA a) with multi-layer approach; b) 

without multi-layer approach © 2019 Wiley. Reprinted with permission 

 

 
 

a) 

 

 

 
b) 

 

Figure 3.5 Simulated design models a) GCPW fed GDRA; b) CPW inductive fed GDRA © 2019 

Wiley. Reprinted with permission 
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Table 3.1 GDRA design dimensions (mm)  

𝑃𝑎𝑟𝑚𝑎𝑡𝑒𝑟s 𝑆𝑦𝑚𝑏𝑜𝑙 Values (mm) 

Beam x-gap 𝐼𝑥−𝑔 0.05 

Beam y-gap                      𝐼𝑦−𝑔 0.05 

Beam width 𝐼𝑥 0.20 

Beam length 𝐼𝑦 0.50 

Beam height 𝐼ℎ 0.85 

Beam offset ⧍z 0.35 

GDRA width b 4.00 

GDRA length a 4.00 

GDRA height h 1.2 

GCPW fed GDRA 

Substrate length Sub_l 20.0 

Substrate width Sub_w 20.0 

Conductor width Tx_w 0.62 

Stub length ∆𝐿 2.15 

Via radius via_rad 0.20 

Vias pitch d 0.55 

CPW inductive fed GDRA 

Substrate length Sub_l 20.0 

Substrate width Sub_w 20.0 

Conductor width Tx_w 0.80 

Slot length St_lg 3.30 

Slot width - 0.40 

GDRA offset ∆𝑥 1.80 

3.3. GDRA CPW Feeding 

Coplanar waveguide (CPW) is an effective excitation mechanism for dielectric resonator antennas 

[5] at millimeter-wave frequencies and system on chip (SoC) applications. It facilitates the 
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integration of active/passive circuit elements and antennas, has low radiation leakage, and provides 

minimal surface wave excitation and a wide impedance bandwidth interface compared to 

microstrip. 

Another advantage of CPW is its diversity in providing different feeding mechanisms for DRAs. 

Two CPW approaches are proposed here for their suitability in feeding multi-layer GDRAs: 1) 

open-ended grounded CPW (GCPW) stub feed; and 2) CPW inductive feed. 

3.3.1. GDRA Fed by GCPW Technique 

A multi-layer GDRA fed by an open-ended GCPW is shown in Figure 3.5a. Rogers 6002 substrate 

with a material thickness of 0.508 mm and dielectric permittivity of 2.94 is assumed for the 

simulation. Thin substrates typically provide more confined fields for the feed structure and can 

reduce the adverse effects of leaky modes and surface waves at high frequencies. GCPW employs 

through hole vias for connecting the top layer ground plane and bottom layer ground plane. The 

placement of through-hole vias is extremely important in acquiring the desired impedance and low 

loss characteristics as well as suppressing parasitic modes in the guide. The ground signal ground 

(GSG) spacing is kept very small to ensure tight E-field confinement at GSG interfaces to avoid 

radiation losses. Moreover, plated through holes (PTH) are also placed close to the edge of the 

coplanar ground plane. i.e., 0.2 mm to prevent high parasitic inductance which increases the 

impedance and conductor losses especially at high frequencies. Due to adjacent via hole loading 

effects, the trace width of the 50Ω CPW line is only 0.62 mm. This is 15% narrower than simple 

CPW line which helps in better input impedance match between the feed point and GDRA 

interface. The feed length ∆L and the intermediate layer thickness ∆z are found to be two critical 

factors in controlling the signal coupling and the impedance bandwidth of the multi-layer GDRA. 

A parametric study of both ∆z and ∆L is provided in Figure 3.6 and Figure 3.7. An initial length 

of ∆L ~ λg/4 as suggested in [6] is chosen, in this case, 1.65 mm. 

At ∆z =0, the metallic inclusions are short-circuited to the CPW feedline stub, causing high input 

resistance and reactance which results in high input reflections because of poor input impedance 

match. The input reactance of the GDRA is found to be predominantly inductive as shown in 

Figure 3.6. The reason for this inductive behavior is the feed board vias loading and mode 

mismatch at the GDRA and feed-line interface, which is reduced by introducing a capacitive effect 

produced by the thin layer of PMMA material underneath the GDRA, which helps in proper mode 
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field transition. Increasing the intermediate layer thickness ∆z helps in decreasing both the resistive 

and reactive part of the input impedance of the GDRA. At ∆z=0.35 mm, the input reactance is 

reduced to almost zero in the desired frequency band with real impedance at around 50 Ω. The 

best input impedance is observed for ∆z=0.35 mm. However, the matching condition is achieved 

when the input impedance has only a resistive component. Therefore, further input matching is 

realized by tuning the length ∆L of the open circuit GCPW line, which acts as an open stub tuner. 

The effect of ∆L on the impedance bandwidth of the GDRA is presented in Figure 3.7. 

 

Figure 3.6 Parametric study of real-impedance and reactance of the multi-layer GDRA for 

intermediate layer thickness ∆z in GCPW feed. © 2019 Wiley. Reprinted with permission 

Maximum return loss of -30 dB has been achieved for ∆L and ∆z of 2.15 mm and 0.35 mm with a 

10-dB impedance bandwidth of 3.5 GHz as shown in Figure 3.7. Increasing the length of ∆L moves 

the GDRA resonance toward higher frequencies. Moreover, the simulated radiation efficiency is 

found to be above 85% in most of the design bandwidth as shown in Figure 3.10.  

The vector field distribution of the GDRA fed by GCPW technique is presented in Figure 3.16. It 

is important to notice here that the coupling mechanism between the GDRA and GCPW feedline 

is magnetic in nature. The fields in the GDRA and the GCPW feedline stub are directed in the 

same direction, which results in low cross polarization values in both E and H-plane as shown in 

Table 3.2. More detailed analysis of the field vectors and their effect on the GDRA radiation 

pattern is provided in Section 3.4.3.  
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Figure 3.7 Effect of extended open-ended length ∆L on return loss of the GCPW feed. © 2019 

Wiley. Reprinted with permission 

3.3.2. GDRA Fed by CPW Inductive Feed Technique 

The multi-layer GDRA, i.e., (∆z=0.35 mm) fed by a CPW inductive feed is shown in Figure 3.5b. 

It is emphasized here that the slot is not intended to be an efficient radiator but rather to provide 

an efficient energy coupling source from CPW to GDRA. For this reason, the slot length is chosen 

in the proximity of  
𝜆𝑔

2 
⁄  at resonance, where 𝜆𝑔 is the effective guided wavelength in the 

substrate. The resonance frequency is selected at 25 GHz which gives 𝜆𝑒𝑓𝑓=7.78 mm. Therefore, 

the initial length for the non-resonant slot is assumed at 3.52 mm < 
𝜆𝑒𝑓𝑓

2 
⁄ . Secondly, the slot 

width is also selected < 
𝜆𝑒𝑓𝑓

15 
⁄  for avoiding high cross-polarization levels.  

The slot length, 𝑠𝑙𝑜𝑡_𝑙𝑔 and the offset position of the GDRA, ∆x are two key design variables that 

control the impedance match and the resonance frequency. The parametric study of the GDRA 

position at an initial slot length of 3.52 mm is presented in Figure 3.8. Multiple resonance behavior 

is observed as both the slot and GDRA are resonant structures. Moreover, these resonances are 

slightly displaced from the free slot and GDRA resonances, due to the presence of the CPW feed 

line and metallization in the slot coupling region of the GDRA. In addition, the presence of 

metallization in the middle of the slot makes this configuration an inductive slot, where the 

dominant coupling fields are magnetic fields. During, the first design step, the effect of the GDRA 

offset, ∆x, over the fixed slot length is studied. The best impedance bandwidth is achieved for a 

GDRA position ∆x of 1.8 mm with two resonances observed at 26.63 GHz and 28.1 GHz in 
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addition to slot resonance at 24.5 GHz. Further improvement in impedance match and energy 

coupling is achieved through fine-tuning of the slot length i.e., 3.3 mm, to merge the two 

resonances of the GDRA at 26.63 GHz and 28.1 GHz as shown in Figure 3.9. This results in a 

simulated bandwidth of 1.85 GHz, centered at 27.25 GHz with the maximum return loss of -21.2 

dB. 

The multi-layer GDRA near-field distributions at 27.2 GHz and 28.2 GHz are presented in Figure 

3.16. The small inclusion features tend to guide the fields and can be designed to modify the E and 

H-vector field patterns to generate new resonant modes as shown in Figure 3.16, which are 

different than the conventional high permittivity DRAs modes. For instance, for CPW inductive 

case, the E-field patterns are similar to the 𝑇𝐸111 mode in the normal DRA, i.e., E fields circulating 

in the YZ plane. However, for H-fields additional field cycles are observed in the XZ plane, i.e., 

two and three for 27.2 GHz and 28.2 GHz respectively rather than just one H-field cycle as in the 

𝑇𝐸111
𝑥  mode of the conventional high permittivity DRA as shown in Figure 3.16. Moreover, the 

inductive slot configuration results in a coupling mechanism between the slot and a GDRA, which 

is magnetic in nature [7]. 

 

Figure 3.8 Effect of DRA offset on reflection coefficient of the CPW inductive fed GDRA. © 2019 

Wiley. Reprinted with permission 
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Figure 3.9 Parametric study of frequency response S11 (dB) of the slot length in the CPW 

inductive fed GDRA. © 2019 Wiley. Reprinted with permission 

It is also observed that the magnetic fields in the GDRA, the magnetic field due to induced current 

in the slot coupling region and the magnetic field in the CPW line underneath the GDRA, all are 

matched and directed in the same direction, which supports the low cross-polarization levels in the 

CPW inductive fed GDRA. Figure 3.10 shows the simulated radiation efficiency of 84% is 

achieved across the frequency bandwidth. Additionally, a corresponding simulated performance 

matrix for all discussed CPW designs is presented in Table 3.2. 

Table 3.2 A comparative analysis of GDRA fed through different CPW techniques 

Feed  

Type 

Imp. 

BW 

(GHZ) 

Max-R. 

G(dBi) 

 

Max E-

plane 

Cross-

pol(dB) 

Max H-

plane 

Cross-

pol(dB) 

Max Sim. Rad    

Efficiency% 

Open circuit 

GCPW 

23-26.4 7.43 -21 -19 90 

CPW 

inductive 

26.3-28.15 5.73                        -24 -22 84 

Imp=Impedance; R. G= Realized gain; BW=bandwidth; Rad=radiation 
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Figure 3.10 Simulated radiation efficiency for CPW fed GDRAs. © 2019 Wiley. Reprinted with 

permission 

3.4. Fabrication and Measured Results  

3.4.1. Single Element GDRA Fabrication 

Deep X-ray lithography (D-XRL) with metal electroforming was used for precise fabrication of 

the multi-layer I-beam GDRA structures using the process described in [2]. These GDRA elements 

are designed and fabricated as a part of Shaon Ganguly’s thesis [1]  but not experimentally tested, 

and fed only by microstrip feedline in simulations. All steps in this process were done at KIT, with 

deep-XRL exposures performed at beamline Litho-2. For I-beam inclusions, a maximum filled 

cavity metal height of 0.85 mm has been considered for fabrication. The gap structures in the 

PMMA grid have an aspect ratio of 24. Figure 3.11 shows the scanning electron microscope (SEM) 

image of the plated I-beam inclusions, confirming tall, smooth, vertical side walls with uniform 

metallization. More information on deep-XRL fabrication is presented in Chapter 5. 
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Figure 3.11 SEM image of tall-embedded I-shaped inclusions (PMMA removed for imaging) -

(Image courtesy of KIT) © 2019 Wiley. Reprinted with permission 

3.4.2. S-Parameters 

To validate the performance, the GDRAs have been integrated with the CPW feeds realized on 

Rogers 6002 substrate with permittivity ∈𝑟=2.94 and thickness of 0.508mm. The V-type 1.85mm 

connector as shown in Figure 3.12a is used for measuring the S-parameters for all circuits. The 

Agilent vector network analyzer HP8722ES is utilized for conducting this measurement. 

Comparative analysis of the measured reflection coefficient (S11) for the simulated and measured 

circuits with both types of CPW feeds is provided in Figure 3.13. For all designs, the GDRA 

element was mounted on feed circuits using silicone adhesive at the GDRA corners. A wide 

measured impedance bandwidth up to 4 GHz is observed. The addition of the thin layer of PMMA 

has removed the limitation of the GDRA inclusions being short-circuited with the input feedline, 

which causes high input impedance and mode mismatch loss. Moreover, the multi-layer approach 

has allowed the GDRA to be excited underneath at the point of the best input impedance match 

for both open-ended microstrip feedline stub and CPW inductive slot feed options. Additionally, 

the PMMA layer has enhanced the energy coupling by reducing the input impedance of the GDRA. 

Nonetheless, both measured results are found to have good agreement with the simulation results, 

as shown in Table 3.3 and Figure 3.13. 

Table 3.3 Comparison between the simulated and measured results 

Antenna performance parameters GCPW fed GDRA CPW inductive fed GDRA 

Simulated S11 B.W ≤-10 dB 23-26.4 GHz 26.3-28.15 GHz 

Measured S11 B.W ≤-10 dB 22.6-26.6 26.6-29.3 GHz 

Measured % B. W 16.26 9.6 

Simulated max-R. G (dBi) 7.43 5.73 

Measured max- R.G (dBi) 7.2 5.42 
   

*R. G = realized gain 
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a) b) 

Figure 3.12 Fabricated designs: a) CPW inductive feed on the left, GCPW fed GDRA on the right; 

b) GCPW fed GDRA on AUT of the scanner for the far-field measurement. © 2019 Wiley. 

Reprinted with permission 

 

Figure 3.13 Measured S11 responses for CPW-fed multi-layer GDRAs. © 2019 Wiley. Reprinted 

with permission 

3.4.3. Radiation Pattern 

To characterize the radiation properties of the GDRAs using the CPW feeds, both E and H-plane 

patterns are measured using the NSI-700S spherical measurement system. Figure 3.12b shows the 

GCPW fed GDRA mounted on the AUT on spherical far-field system. The simulated and 

measured radiation patterns are provided in Figure 3.14. Most of the radiation patterns are found 

to be like ordinary DRAs, i.e., resembling patterns of horizontal magnetic dipoles. The radiation 

is highly concentrated in the broadside direction resulting in a higher gain. One of the reasons for  
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this improvement is the presence of the additional H-field cycles generated by the grids of the 

GDRA structure, which are not present in the conventional DRA [8]. Secondly, the near-field 

analysis has revealed that the metallic grids inside the PMMA material generate small secondary 

radiations which combine in phase to enhance the overall radiation performance. For both feeding 

topologies, E-plane cross-pols are well below -20 dB at broadside. The reason for these low cross 

pols is the orientation of the E-field vectors at the feeding point along the y-axis of the XY plane 

in both cases. E-plane cross-pol levels using the GCPW feed technique are found to be even better 

than the CPW inductive feed because of suppression of surface waves as result of tight E-field 

confinement between the top and bottom ground planes connected through vias. 

 On the other hand, H-plane cross-pols for both feeding schemes is observed at around -17 dB, 

which are slightly higher than the E-plane cross-pol values. The metal grid structures cause the H-

field rotations in both XZ and YZ planes which increases the overall H field cross-pol levels. For 

better visualization, the E-field, and H-field cycles for all feed topologies are presented in Figure 

3.16. The realized gain vs. frequency plot is provided in Figure 3.15 to characterize the pattern 

bandwidth of a GDRA for both feeding schemes. A maximum realized gain of 7.2 dBi is achieved. 

The performance comparisons between the proposed GDRA and the previously reported DRAs 

are listed in Table 3.4. 

Table 3.4 A comparison table between the proposed design and others 

Ref 

% 

BW 

 

Max-Realized. 

Gain(dBi) 

 

Max Cross-pol(dB) 
Max Sim. Rad    

Efficiency% 

This paper 

 

16.26 7.2 -21 90 

[2] 6 7.6 -20 88 

[9] 12.5 5.5                -19 95 

 

[10] 6.45 10 -20 - 

 

[11] 6 5.05 -21 - 

 

[12] 

 

3.8 

 

6.3 

 

-15 

 

- 
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Simulated patterns Measured patterns 
 

 
a) 24.7 GHz  

 

 

 
b) 24.7 GHz 

 
c) 27.2 GHz 

 

 
d) 27.2 GHz 

Figure 3.14 Simulated vs. measured radiation patterns: a: b) GCPW feed; c: d) Inductive CPW 

feed. © 2019 Wiley. Reprinted with permission 

 

Figure 3.15 Simulated and measured realized gain for proposed CPW feed techniques. © 2019 

Wiley. Reprinted with permission 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

Figure 3.16 a, b) E and H-field pattern for conventional DRA fundamental mode; c, d) E and H-

field pattern for GDRA fed by GCPW technique at 24.7 GHz; e, f) E and H-field pattern for GDRA 

fed by CPW inductive feed at 27.2 GHz. © 2019 Wiley. Reprinted with permission 

3.5. Rectangular grids GDRA Design 

The CPW fed I-beam GDRA work well for single elements and even better than the previous 

microstrip fed GDRAs. The addition of a thin perforated layer of polymer between the grids and 

the feed circuit has allowed the GDRAs to be fed using underneath feed mechanisms like CPW 

inductive slot feed, which is not possible in the original I-beam GDRA structures due to grids and 

feed network shorting problems.  In addition, this multi-segment GDRA design concept has also 

improved the GDRAs impedance bandwidth up to 16% making it viable for wideband mm-wave 

applications.  

However, there are number of areas which still require significant development to make the GDRA 

concept practical for large mm-wave antenna arrays. For instance, adapting feasible feed networks 

for large GDRA arrays as it is difficult to make compact distribution structures using coplanar 

waveguide (CPW) feeding due to the requirement for planar top side ground. Secondly, reducing 
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the overall height of the GDRAs to make them suitable for low profile applications. Other 

problems include reducing the fabrication complexities of the previously explored GDRAs by 

utilizing other grid structures like rectangular or square grids and investigating the effect of these 

new grids structures on the material characteristics such as change in effective permittivity. Lastly, 

developing a viable monolithic template frame approach for precisely aligning the GDRAs over 

the feed networks especially for large GDRA arrays. All of these issues are addressed in the 

remainder of the thesis.  

3.5.1. Design Consideration 

The simulated design model of a GDRA element with rectangular inclusion structures is shown in 

Figure 3.17. The example element is comprised of a rectangular block of low permittivity polymer 

(in this case polymethyl methacrylate, PMMA) having a relative permittivity of 2.5 with 

dimensions 𝐿 ×𝑊 ×𝐻 = 2.7mm×2.7mm×0.5mm, and tall rectangular metallic grid structures of 

embedded nickel. These structures can be realized as uniformly distributed rectangular cavities 

exposed and developed in PMMA through deep X-ray lithography (DXRL) and filled by 

electroplated nickel, as described further in Chapter 5. 

The material characteristics of the artificial dielectrics are determined by the combination of the 

electromagnetic properties of both host material and the embedded inclusions. The effective 

permittivity is related to; 1) the permittivity of host material; 2) the size of metal inclusions; and 

3) the lateral spacing between metal inclusions. Obtaining high effective permittivity is possible 

by increasing the volume fraction of the additive material and more specifically, by decreasing the 

gaps between elements to increase the localized electric flux density.  

 
Figure 3.17 Simulated design model of the GDRA element with rectangular inclusion structures. 

Specific parameters are listed in Table 3.5. © 2019 IEEE. Reprinted with permission. 
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                                      a)                                                               b) 

 

Figure 3.18 Electric field intensity comparison: a) I-beam grids; b) Rectangular grids; c) Estimated 

permittivity of the grid dielectric material © 2019 IEEE. Reprinted with permission. 

Metal embodiments like cubes and rectangles produce large effective permittivity, providing high 

volume density and large localized capacitive surface density. I-beam structures provide large 

localized flux density with comparatively low embedded metal volume. However, rectangular 

structures can create higher and more uniformly distributed flux density than I-beam structures, 

resulting in larger effective permittivity. Being simpler shapes, they can also reduce fabrication 

complexity. Figure 3.18a&b compares electric field patterns of I-beam and rectangular GDRAs. 

The red areas indicate regions of highest electric flux density. An effective permittivity of 17 as 

shown in Figure 3.18c is estimated at the design frequency of 32 GHz for the rectangular inclusion 

elements with PMMA base template thickness of 0.5mm, using the simulation technique described 
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in Section 3.2.1. The grid size is constrained by the requirement to keep the dimensions much 

smaller than the operating wavelength, to avoid the inclusions becoming self-resonant: 

 
(𝐼𝑥, 𝐼𝑦, 𝐼𝑧) ≤

𝜆𝑔

10
 (3.13) 

where 𝐼𝑥, 𝐼𝑦, and 𝐼𝑧 are the lateral dimensions of the rectangular inclusions in the x, y, and z 

directions, and 𝜆𝑔 is the guided wavelength at the operating frequency. These dimensions also 

ensure that the grid structures appear small to the incident wave resulting in minimal increase to 

material loss. All parameters used for the rectangular GDRA design configurations in this section 

are given in Table 3.5.  

3.5.2. Solid Template Frame Single Element GDRA Design 

Figure 3.19 shows the configuration of a single element solid template frame GDRA excited by a 

longitudinal slot placed in the SIW channel. The SIW parameters are designed using equations 

2.68 to 2.71 and are chosen to ensure the propagation of only fundamental mode from 26-40 GHz. 

A microstrip transition [13], [14]  is used to interface to the SIW and excite the GDRA element, 

bonded to the substrate, through the slot. More detailed discussion about the microstrip to SIW 

transition is presented in Section 4.2. 

Two different GDRA element models are compared: 1) GDRA with a thin PMMA frame only 

slightly larger than the grid, and only meant to contain the embedded elements; and 2) GDRA with 

a large PMMA template considerably larger than the grid. The 2nd approach is meant to 

demonstrate an extension of the GDRA concept to a single piece monolithic array, which can 

include alignment markers as shown in Figure 3.19b to ensure precise, complete array alignment 

between the GDRA layer and the SIW feed layer, rather than requiring element-element alignment. 

Moreover, the performance of the GDRA with a large PMMA template frame and a conventional 

high permittivity DRA, is compared. 

The critical design parameters to control the resonance frequency and the energy coupling in the 

GDRA are the distance between the longitudinal slot and the SIW short-circuited (SC) wall (𝑊𝑠𝑐), 

the slot length (𝑠𝑙𝑜𝑡_𝑙𝑔), and the intermediate layer thickness (⧍z). Distance 𝑊𝑠𝑐 is an important 

factor in controlling the input reflection coefficient and standing wave phase at the excitation slot. 

The initial value of 𝑊𝑠𝑐 is λ𝑔 /4 at the longitudinal slot, where λ𝑔 is the guided wavelength. This 

ensures large current disruption in the slot for excitation described further in Chapter 6. The slot 
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length is chosen in the proximity of  𝜆𝑒𝑓𝑓/2 to make it a non-resonant excitation source for the 

GDRA element. To avoid shorting the slot and the embedded metal inclusions, an intermediate 

layer (thickness ⧍z = 0.2mm) of perforated PMMA is introduced at the interface, which also helps 

in improving energy coupling between the slot and the GDRA. More details on the intermediate 

layer thickness and its effect on the input impedance of the GDRA are discussed in Chapter 6.  

 

 
a)                                            b) 

 

c) 

Figure 3.19 Simulation design for GDRA element fed through longitudinal SIW slot; a) with small 

PMMA frame encapsulating the embedded elements; b) with large PMMA template encapsulating 

the embedded elements; c) Single element conventional high permittivity DRA with a PMMA 

template frame © 2019 IEEE. Reprinted with permission. 
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Table 3.5 SIW and GDRA Design Parameters (Figs. 3.17, 3.19) 

Parameters Symbols Values(mm) 

Grid x-gap 𝐼𝑥−𝑔 0.05 

Grid y-gap                      𝐼𝑦−𝑔 0.05 

Element width 𝐼𝑥 0.20 

Element length 𝐼𝑦 0.50 

Element height 𝐼𝑧 0.30 

Int. layer thickness ⧍z 0.20 

GDRA length L 2.70 

GDRA width w 2.70 

GDRA height 𝐼𝑧 +⧍z 0.50 

SIW width a 4.30 

Slot length Slot_lg 2.70 

Vias gap d 0.65 

Slot gap Slot_gap 4.30 

SC distance for long. slot 𝑊𝑠𝑐 3.20 

Conventional DRA 

DRA width w 2.80 

DRA length 𝐿 2.80 

DRA height ℎ 1.00 

Permittivity ∈𝑟 17 

   *long.= longitudinal 

A simulated -10 dB bandwidth of 1.7 GHz centered at 32 GHz is shown in Figure 3.20 for the 

single element large template GDRA with the parameters given in Table 3.5 . It is observed that 

introducing a large template frame results in a slight lowering of resonant frequency and similar 

directivity of the GDRA in comparison to the small frame design. The reason for this lower 

frequency resonance with the large dielectric template is a slight increase in the overall effective 

volume of the GDRA. These results validate that the large template frame around the GDRA 
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element does not alter its performance significantly and hence it can be used for building large 

template based GDRA arrays. 

To provide a comparative analysis, a conventional DRA of relative permittivity ∈𝑟=17 resonating 

at 32 GHz is also designed. The antenna dimensions are provided in Table 3.5. The required height 

of this antenna is two times larger than the GDRA design shown in Figure 3.19b, to make the 

conventional DRA functional.  Similarly, the 10-dB impedance bandwidth of the conventional 

DRA is half of the high permittivity GDRA design i.e., only 800 MHz as shown in Figure 3.20. S-

parameters of a conventional DRA (∈𝑟=17) with the exact dimensions of the GDRA 

(2.7𝑚𝑚 × 2.7𝑚𝑚 × 0.5𝑚𝑚) are also shown in Figure 3.20. The reflection coefficient for this 

case does not even reach the 10-dB impedance bandwidth reference. Thus, a single element 

template embedded GDRA outperforms the similar high permittivity DRA both in term of 

operational bandwidth and the element size making it viable for compact and low-profile design 

requirements. 

 

Figure 3.20 Simulated S-parameters and directivity plots for single element GDRA fed through 

SIW longitudinal slot with small PMMA frame and large PMMA template and comparison to a 

conventional high permittivity DRA © 2019 IEEE. Reprinted with permission. 
**Dir. = Directivity; Con. = Conventional  

3.5.3. Fabrication and Measured Results 

The high vertical to lateral aspect ratio (in this case 10:1) required for the GDRA grid gaps of 50 

m presents considerable microfabrication challenges. Deep X-ray lithography is utilized for 



85 

 

realizing high quality deep rectangular cavities with lateral dimensions of 200m×500m in a 

500m thick PMMA template. The fabrication process is described in detail in Chapter 5. All steps 

in this process were done at CLS, with deep-XRL exposures performed at the SyLMAND 

beamline. Scanning electron microscope (SEM) images of prototyped devices are presented in 

Figure 3.21 for visualizing the excellent side walls and structure quality possible with the deep-

XRL and electroforming process. The fabricated GDRA template with feed structure is provided 

in Figure 3.22. Rectangular markers placed at the top corners of the template and PCB feed circuit 

are utilized for ensuring the precise microscopic alignment between them. More detailed 

fabrication process from mask making to sample exposure and development is presented in 

Chapter 5. 

A standard PCB process is used for building the SIW feeding circuit for a single element GDRA 

prototype on Rogers 6002 substrate with permittivity=2.95 and the substrate thickness of 

0.508mm. The GDRA template is bonded to the feedline structures using thin silicon adhesive 

under the optical microscope. The fabricated prototype is measured using an Agilent vector 

network analyzer HP8722ES. over the frequency band of 29 to 36 GHz. Figure 3.22 shows the 

measured reflection coefficients for the GDRA element having an impedance bandwidth of 3.9 

GHz centered at 32.25 GHz.  

Simulated co/cross pol response for the single element GDRA are presented in Figure 3.23 

confirming the broadside radiation pattern with cross-pol levels below -24dB. For a magnetic field 

fed single element GDRA design, H-field vectors orientation in both slot and GDRA are well 

matched, thus resulting in low H-cross pol levels, i.e., below -24dB. Furthermore, E-field vectors 

of the longitudinal slot and the GDRA element are well aligned and result in low E-cross pol levels, 

i.e., below -22 dB. The radiation behavior of the SIW-fed GDRA element is experimentally 

characterized through the NSI-spherical measurement system. All E and H-plane radiation patterns 

are found to be in good agreement with the simulation results. A maximum broadside gain of 

6.4dBi is observed at 32.25GHz. The slight variation in the simulated and measured gain values 

may be due to reduced coupling energy from the slot to GDRA template because of small air gap 

introduce by the silicon glue. Polar plots for all measured radiation patterns are provided in Figure 

3.24. Moreover, maximum gain over the design frequency is also presented in Figure 3.22 
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confirming good patterns and gain stability across the frequency bandwidth for the fabricated 

design. 

 

 
a) 

 

b) 

 

c) 

Figure 3.21 a) SEM image of X-ray exposed rectangular cavities in a PMMA template; b) Optical 

microscope image of nickel-plated cavities; c) SEM image of GDRA array template corner 

showing vertical side wall quality © 2019 IEEE. Reprinted with permission.   
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Figure 3.22 Comparison between the simulated and measured S-parameters and gain for the 

GDRA element © 2019 IEEE. Reprinted with permission.   

 

 

a) 31 GHz 
 

b) 32 GHz 

Figure 3.23 Simulated radiation pattern for a single element GDRA 
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Figure 3.24 Measured radiation pattern for a single element GDRA 

3.6. Conclusion 

In this chapter, excitation of I-beam and rectangular grid multi-segment GDRAs with two different 

feeding mechanisms CPW feeding and SIW based longitudinal slot feeding for high frequency 

mm-wave applications have been investigated and tested. The combination of the underneath feed 

and the addition of a thin polymer layer with optimized thickness at the base of the metal grid layer 

has increased the impedance bandwidth up to 16.26%, about 2.71 times larger than the GDRA 

proposed in [2]. The multi-layer GDRA approach has resulted in the better mode matching at the 

GDRA and feed-line interface and has enhanced the overall performance characteristics of the 

previously reported GDRAs.  

For rectangular grid GDRAs the effective permittivity of 17 is achieved which is even higher than 

the I-beam grids (i.e. ∈𝑟=14.5) and results in low profile design i.e., height=500 𝜇m and secondly 

being simpler shape, this has also reduced the fabrication complexity. For both feeding schemes, 

the effects of various design parameters on the performance of the GDRAs are discussed. The E 

and H-field vectors inside the GDRA are examined. It is observed that the orientation of field 

vectors in the feeding region has a substantial effect on the radiation patterns concerning both E 

and H-field co-pol and cross-pol levels and can be used to enhance the radiation characteristics of 

the GDRAs. The proposed CPW and SIW longitudinal slot fed GDRAs are found to have the wide-
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impedance bandwidth and excellent broadside radiation patterns with very low cross-polarization 

levels below -18dB in both E and H-planes. 
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Chapter 4 : SIW Feeding Networks for GDRA Array 
 

4.1. Introduction and Background  

Due to its unique properties, substrate integrated waveguide (SIW) is well suited to become a 

preferred technology in waveguide-based power splitters. A large number of designs have focused 

on X-band frequencies up to 12 GHz, e.g., a 1×4 Wilkinson power splitter with insertion loss of 8 

dB [1], and a 1×8 power splitter with insertion loss of 10.5 dB [2]. Improvements in T and Y 

junctions can help in bandwidth enhancement [3]. A wide band 16 port SIW power splitter is 

reported in [4] providing 28 percent frequency bandwidth at 11.75 GHz.  

In this chapter5, a detailed study of high performance, wideband, 3-stage power splitters based on 

SIW technology is presented. Additionally, an in-depth parametric analysis of various broadband 

T-junctions such as 1×4 and 1×2 T-junctions is provided for exploring the key design parameters 

for optimizing performance including wide impedance bandwidth, and low insertion loss at mm-

wave frequencies. These building blocks are further cascaded to realize a 1×8 SIW power splitter 

demonstrated at 24 GHz. Broadband tapered microstrip transitions are used for feeding all 

designed SIW structures. The optimized microstrip transitions and T-junctions are used to design 

a broadband, eight-way power splitter with 15dB return loss from 23.0 GHz to 26.4 GHz and 

simulated phase and amplitude imbalance of ± 2.5o and ± 0.8 dB respectively. A procedure for 

tuning the positions of SIW inductive posts is also provided for assisting in the design of mm-

wave, high performance power splitters. These power distribution networks are used to feed the 

GDRAs in subsequent chapters. 

4.2. Ultra-Wideband Microstrip to SIW Transition    

The key design parameters for SIW were described in Section 2.3.3. A simulation model of the 

SIW fed through microstrip line transition is presented in Figure 4.1. In this work, Rogers RO6006c 

substrate with a dielectric constant of 2.94 and 0.762 mm thickness is considered for designing the 

SIW structures. The equivalent SIW width is found to be 𝐴𝑒 = 5mm using 𝐴𝑟 = 5.21mm, 𝐷 = 

0.4mm and 𝑃 = 0.8mm in equation 2.71. The cut-off frequencies for the first and second order TE 

modes obtained using equation 2.68 are 17.46 GHz and 36.38 GHz, respectively. The chosen SIW 

                                                 
5 Details including some textual material, some illustrations and some tabular material in Section 4.2-4.5 are published in W. Mazhar, D. 

Klymyshyn, and A. Qureshi, “Design and analysis of wideband eight-way SIW power splitter for mm-wave applications,” Int. J. RF Microw. 

Comput. Eng., vol. 28, no. 2, p. e21196, Feb. 2018 © 2018 Wiley. Reprinted with permission. 
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geometries ensure that only the fundamental mode 𝑇𝐸10 propagates in the desired operating band 

(i.e., 22-26 GHz). 

There are several planar techniques available for transitions to an SIW structure. Here a, tapered 

microstrip transition is discussed and analyzed using a mode matching technique [5]. The main 

benefits of using this transition include widespread use of microstrip based circuits, large bandwidth 

covered by this transition and better performance when compared to other coplanar [6] and 

microstrip transitions [7]. Most importantly, the transition losses are very low. This comes from the 

fact that the electromagnetic fields in microstrip match closely to the field distribution of SIW. In 

[8], the microstrip portion is modeled by an equivalent TEM waveguide. The impedance for this 

model is given by 

 

𝑍𝑒 = √
𝜇 

𝜖0𝜖𝑒

ℎ

𝑤𝑒
 (4.1) 

ℎ = waveguide height 

𝑤𝑒 = width of TEM waveguide 

Combining the analytical expressions for microstrip line impedance [9] and the microstrip 

waveguide model [5] results in 

 𝑍𝑒 = √
𝜇 

𝜖0𝜖𝑒

ℎ

𝑤𝑒
=

{
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√𝜖𝑒
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𝑤
+ 0.25

𝑤

ℎ
)                                         𝑤 ℎ⁄ < 1

120𝜋                                 

√𝜖𝑒 [
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ℎ
+ 1.393 + 0.667𝑙𝑛 (

𝑤
ℎ
+ 1.44)]

           𝑤 ℎ⁄ > 1
 

 

(4.2) 

∈𝑒  = Effective permittivity 

ℎ = Height of the substrate 

 

Figure 4.1 Back to back microstrip to SIW transition © 2018 Wiley. Reprinted with permission 
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Microstrip tapering enables broad impedance bandwidth by effectively transforming the quasi-

TEM mode of the microstrip line to the SIW TE mode. The length and width of the tapered section 

play a vital role in this transition. Analytical expressions for calculating the width of this tapered 

section mentioned in [8] are used here: 

 

1

𝑤𝑒 
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(4.4) 

 

𝑤 = tapering width  

𝐴𝑒= equivalent width of the SIW  

𝑤 = width of the microstrip line 

Equation 4.3 and 4.4 relate the width of the TEM waveguide (𝑤𝑒) to the microstrip line and to the 

SIW equivalent width (𝐴𝑒) respectively. These equations are equated by the mode matching 

technique i.e. to match mode between the TEM waveguide and SIW waveguide, to find the 

optimum taper width for the tapered section, during this transition. This width is further tuned 

through the parametric analysis shown in Figure 4.2a. The length of the tapered section depends on 

the degree of width discontinuity between the microstrip and SIW. A larger width discontinuity 

normally requires a longer taper for good mode matching. However, at millimeter-wave frequencies 

with high permittivity substrates, there is less sensitivity to the width discontinuity and, the required 

taper length can be relatively short. A quarter wavelength taper at the band center frequency is 

usually sufficient to achieve a good return loss. The taper length must be selected a multiple of 

quarter wavelength i.e. (
𝑛𝜆𝑔

4
),  to achieve both wide impedance bandwidth and good return loss. 

This can be visualized by the parametric study of factor “𝑛” provided in Figure 4.2b. The best 

impedance bandwidth is achieved for 𝑛 =2 and width of 2.71mm, providing 𝑆11 below -15 dB from 

21 GHz to 29 GHz as depicted in Figure 4.2b. The maximum insertion loss of 0.50 dB is achieved 

across the band over a 20mm long SIW channel. All design parameters and their values for this 
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transition are listed in Table 4.1. The expression for calculating the guided wavelength is mentioned 

below. 

 
a) 

 
b) 

Figure 4.2 a) Parametric study of variable "𝑤" over fixed tapered section length 𝐿 = 3.63 for back 

to back microstrip transmission line to SIW transition; b) Parametric study of variable  "𝐿" over 

fixed tapered section width 𝑤 = 2.95  for back to back microstrip to SIW transition © 2018 Wiley. 

Reprinted with permission 

 𝜆𝑔 =
𝑐

𝑓√𝜀𝑟
 (4.5) 
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     𝐿 =

𝑛𝜆𝑔

4
     𝑛 = 1,2,3,4…                                (4.6) 

𝐿 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡𝑎𝑝𝑒𝑟 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 

𝑓 = 𝑑𝑒𝑠𝑖𝑔𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦  

𝜀𝑟 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 

Moreover, a comparison between the current and previous developed SIW transitions is also given 

in Table 4.2. 

Table 4.1 SIW design parameters (mm) 

Variable  value Variable value 

𝒇𝒅𝒆𝒔𝒊𝒈𝒏 24 GHz 𝑓𝑐𝑢𝑡𝑜𝑓𝑓 17.46 GHz 

𝑨𝒆 5 𝑇𝑥_𝑙 5.37 

𝑨𝒓 5.21 w 1.95 

𝑫 0.4 𝐿 3.63 

𝑷 0.8 𝑤 2.95 

𝝀𝒈 8.11 𝑆𝑢𝑏_𝑤 10 

𝑺𝒖𝒃_𝒍 46   

 

Table 4.2 Comparison between current and previous developed SIW transitions 

Ref: Proposed [10] [11] [12] [13] 

Type Microstrip to SIW GCPW to SIW Microstrip to SIW 
Slot line to 

SIW 

Microstrip to 

Empty-SIW 

B.W (GHz) 21-29 9-11 12-18 18-28 12-18 

I. loss(dB) 0.9 0.6 0.78 1.6 1.2 

R. loss(dB) -15 -10 -15 -20 -20 

B. W = bandwidth; I. Loss = insertion loss; R. loss = return loss 

4.3. Power Splitter Design 

For detailed analysis, the design procedure for the 1 × 8 power divider is split into four tasks; i) 

1 × 2 input T power splitter, ii) 1 × 4 T power splitter, iii) 1 × 2 output T splitter and iv)  1 ×8 

splitter. The overall design of a 1×8 splitter is comprised of four 1 × 2 T splitters fed through the 

four output ports of a 1 × 4 T splitter. 
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By utilizing the optimized microstrip to SIW transition as discussed in Section 4.2, the design is 

tuned for best performance with respect to impedance bandwidth and insertion loss. The term 

impedance bandwidth refers to the range of frequencies for which return loss (𝑆11) is below -10 or 

-15 dB depending upon the set design goal. All design segments are optimized through parametric 

analysis for design goal of return loss below -15dB. 

4.3.1. One Cross Two Input T Splitter 

The simulated design model of the 1 × 2 input T splitter is presented in  

Figure 4.3a. The concept of using multiple metallic posts [3] allows a wide degree of design 

freedom in providing good input impedance match. A group of two metallic posts labeled as “𝑤1” 

is placed at the center of the 1 × 2 T splitter. These posts extend 
𝜆𝑔

4
 from the common wall of two 

output ports as shown in Figure 4.4. 

 
a) 

 
b) 

Figure 4.3 a) Geometry of SIW based 1 × 2  input T junction; b) Simulated S-parameters for 1 × 2 

input T junction © 2018 Wiley. Reprinted with permission 
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The positions and diameters of these posts are further tuned to provide equal power splitting with 

good input match over a wide impedance bandwidth. Through parametric study, the diameter of all 

metallic posts is chosen to be 0.8 mm for minimum input reflection. The frequency of resonance is 

controlled by tuning the central metallic posts position “𝑤1”. These posts function similar to the 

power divider’s boundary in a conventional metallic waveguide power divider. The 90-degree 

corners in SIW as depicted in  

Figure 4.3a, are also an important consideration for the multi-way power divider as they add to the 

reflections at the input port, hence degrading the overall performance. Therefore, two additional 

inductive posts are placed in the corners, i.e. 𝑖(𝑥1, 𝑦1) to reduce the effect of discontinuity and 

minimize these reflections. The diameter and position of these metallic posts greatly affects the 

input return loss. The inductive posts are initially placed at a distance of  
𝜆𝑔

4
 along the  𝑥 and 𝑦 axis 

away from the corner as suggested in [14], then their positions are tuned to improve the 

performance. The optimum positions are listed in Table 4.4. The parametric analysis of S-

parameters obtained by varying the positions of the inductive posts 𝑖(𝑥1, 𝑦1) and the common 

center posts “𝑤1” is presented in  

Figure 4.3b. A maximum bandwidth of 3.3 GHz from 22.7 GHz to 26 GHz is achieved 

with (𝑆11) below -15 dB and an average insertion loss of 3.6 dB. 

4.3.2. One Cross Four T Splitter 

The proposed design for the 1 × 4 T power splitter is presented in Figure 4.4. It is an extension of 

the 1 × 2 T input power splitter, combining three 1 × 2 T power splitters. Even power distribution 

is achieved by placing common central metallic posts "𝑤2" at the center of both 1 × 2 T power 

splitters with a starting gap of 
𝜆𝑔

4
 similar to that shown in Figure 4.4 for “𝑤1”. The symmetric 

inductive posts 𝑖(𝑥1, 𝑦1), 𝑖(𝑥2, 𝑦2) are placed at the SIW corners thus minimizing the reflection 

loss and improving the input match. The optimum parameters of the 1 × 2 T power splitter in the 

previous section are considered as a starting point for this design. Further tuning of the position of 

the inductive posts 𝑖(𝑥1, 𝑦1), 𝑖(𝑥2, 𝑦2) and the common central metallic posts “𝑤2” of the second 

level 1 × 2 T power splitters is made through parametric analysis, to achieve both wide impedance 

bandwidth and minimum input port reflection. 
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Figure 4.4 Geometry of SIW 1×4 T power splitter © 2018 Wiley. Reprinted with permission 

In the first stage, the inductive post position 𝑖(𝑥1, 𝑦1) is tuned for maximum impedance bandwidth 

below -10 dB as shown by the green curve in Figure 4.5a. While in the second stage, these results 

are further improved by tuning both the inductive post position 𝑖(𝑥2, 𝑦2) and central metallic post 

“𝑤2”. This study revealed that the inductive post position  𝑖(𝑥1, 𝑦1) greatly affects the impedance 

bandwidth of the splitter whereas input port reflection is more sensitive toward central metallic 

posts “𝑤2”. The optimum positions of all inductive posts and common central metallic posts 

"𝑤1,𝑤2" are mentioned in Table 4.4. The parametric study of the S-parameters for both inductive 

post positions 𝑖(𝑥1, 𝑦1) , 𝑖(𝑥2, 𝑦2) and the central metallic posts is illustrated in Figure 4.5 to 

visualize their impact on impedance bandwidth and input reflection. The best design provides a 

bandwidth of 2.85 GHz from 22.9 GHz to 25.75 GHz with 𝑆11 below -15 dB and an average 

insertion loss of 6.78 dB as shown in Figure 4.5b.  

4.3.3. One Cross Two Output T Splitter 

The simulation model of the 1×2 output T junction required at the output of the 1×8 power splitter 

is shown in Figure 4.6. The design is tuned to a similar approach in to the 1×2 T power splitter in 

Section 4.3.1, however here the difference is that the output ports are much closer together. The 

simulated S-parameters of the 1×2 output T junction are shown in Figure 4.7. The bandwidth of 2.5 

GHz from 22.5 GHz to 25 GHz is achieved with 𝑆11 below -15 dB and an average insertion loss of 

3.9 dB. The insertion loss is relatively high, due to extended bent microstrip lines at the output ports 

which are not inherent to the design but added to create a sufficient space for the 2.4 mm connectors 

to facilitate measurements, i.e., the distance between two adjacent SIW waveguide channels is 8.3 

mm, however, the width of the single 2.4 mm connector is 10 mm. 
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a) 

 

b) 

Figure 4.5 a) Parametric study of inductive post position  𝑖(𝑥1, 𝑦1) for 1×4 T power splitter; b) 

Parametric study of inductive post position 𝑖(𝑥2, 𝑦2) and center metallic posts position “𝑤2” for 

1×4 T power splitter © 2018 Wiley. Reprinted with permission 
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Figure 4.6 Simulation model of 1×2 output T junction with extended microstrip transmission lines 

© 2018 Wiley. Reprinted with permission 

 
  b) 

Figure 4.7 Parametric analysis of 1×2 output T junction with extended microstrip transmission 

lines to facilitate testing © 2018 Wiley. Reprinted with permission 

4.3.4. One Cross Eight Power Splitter 

The simulated design for the 1×8 power splitter showed in Figure 4.8a, is comprised of a 1×4 T 

junction and four 1×2 output T junctions. Extensive parametric analysis is performed to remove the 

mutual interferences of all design segments. The simulated return loss for different parametric 
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values is shown in Figure 4.8b. The best design with extended bent microstrip lines at the output 

port has a frequency bandwidth of 3.6 GHz from 22.8 GHz to 26.4GHz, with return loss below -15 

dB and average insertion loss of 12 dB across the entire bandwidth. 

 
a) 

 
b) 

Figure 4.8 a) Geometry of SIW 1×8 power splitter; b) Parametric analysis of return loss for 1×8 

power splitter with extended bend microstrip lines © 2018 Wiley. Reprinted with permission 
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The optimized positions of all inductive post and length of common central metallic posts, i.e., 

“𝑤1,𝑤2,𝑤3” are mentioned in Table 4.4. For all metallic posts, the diameter of 0.8 mm is chosen 

as it offers minimum reflection at the input port. Most importantly, optimized inductive post 

positions in terms of guided wavelength are also provided for all design sections as well as the 

complete 1×8 power splitter, to assist in designing of high-performance mm-wave power splitters. 

The 𝑆11 (dB) plot for best design is shown in Figure 4.8, whereas the insertion loss plots are 

provided in Figure 4.9. The minimum insertion loss at 24 GHz for the extended transmission line 

design is (10.75±1.4) dB for all 8-output port. This is respectable, considering the ideal 8-way power 

splitter insertion loss of 9 dB. The extended bent microstrip lines have an average additional 1.75 

dB of insertion loss, when compared to the output ports with straight microstrip lines as shown in 

Figure 4.9. The simulated phase plot, without the extended microstrip lines at each output port, has 

maximum phase imbalance of ± 2.5𝑜 at 24 GHz as shown in Figure 4.10. A performance 

comparison between the proposed and some of the previous developed 1×8 power splitters is also 

given in Table 4.3. 

 

 

Ext = Extended 

Figure 4.9 Insertion loss for 1×8 power splitter, for the case of both non-extended and extended 

bend microstrip lines © 2018 Wiley. Reprinted with permission 
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b) 

Figure 4.10 Simulated output ports phase for 1×8 power splitter without extended microstrip 

transmission lines at the output port © 2018 Wiley. Reprinted with permission 

Table 4.3 Comparison between proposed 8-way T-splitter and other works 

Ref: Current [15] [10] [4] 

Type SIW SIW SIW SIW 

#outputs 8 8 8 16 

Frequency-Bandwidth (GHz) 

S11≤-10 dB 

22.6-26.2 8-12 8.5-11.7 10-13.5 

Insertion loss(dB) 10.2 10.4 10.8 14.5 

 

 

To validate the design performance in terms of guided wavelength, the frequency scalability of 1×8 

and 1×4 power splitters by a factor of 2 is also displayed in Figure 4.11. The response is quite 

similar to the preliminary design at the fundamental operating band. The frequency bandwidth is 

scaled by the same factor from 46 to 50 GHz. 
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a) 

 
b) 

Figure 4.11 Simulated S-parameters for normal and frequency scaled version of a) 1×4; b) 1×8 

power splitter © 2018 Wiley. Reprinted with permission 
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Table 4.4 Optimal design parameters for designing various T power splitters 

 

4.4. Measured Result and Discussion 

To validate the proposed designs, fabrication of all SIW parallel fed power splitters is performed 

using standard PCB process. All designed structures are realized on Rogers RT-6002 substrate, with 

𝟏 × 𝟐 𝐈𝐧𝐩𝐮𝐭 𝐓 𝐉𝐮𝐧𝐜𝐭𝐢𝐨𝐧 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 (mm) 

𝑺𝒖𝒃_𝒍 32 𝑆𝑢𝑏_𝑤 63 

Variables 
Initial 

value 

End 

Value 
Iterations 

Bandwidth 

GHz 

Goal 

𝑆11(dB) 

Optimal value 

 

𝜆𝑔 relation 

in mm 

 

𝒊(𝒙𝟏, 𝒚𝟏) post 

position 
1,1 1.5, 1.5 8 

22.7-26 
≤-15 

 

1.4, 1.4 0.172*𝜆𝑔 

𝒘𝟏 1.5 2 6 1.767 0.217* 𝜆𝑔 

𝟏 × 𝟐 𝐨𝐮𝐭𝐩𝐮𝐭 𝐓 𝐉𝐮𝐧𝐜𝐭𝐢𝐨𝐧 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 (mm) 

𝑺𝒖𝒃_𝒍 32 𝑆𝑢𝑏_𝑤 24 

Variables 
Initial 

value 

End 

Value 
Iterations 

Bandwidth 

GHz 
𝑆11(dB) 

Optimal value 

 

𝜆𝑔  relation 

in mm 

 

𝒊(𝒙𝟏, 𝒚𝟏) post 

position 
1, 1 2,2 5 

22.5-25 
≤-15 

 

1.45, 1.45 0.178* 𝜆𝑔 

𝒘𝟏 1.5 2.5 5 
1.7 

 
0.209* 𝜆𝑔 

𝟏 × 𝟒 𝐓 𝐉𝐮𝐧𝐜𝐭𝐢𝐨𝐧 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 (mm) 

𝑺𝒖𝒃_𝒍 42 𝑆𝑢𝑏_𝑤 63 

𝑺𝒖𝒃_𝒍 
Initial 

value 

End 

Value 
Iterations 

Bandwidth 

GHz 

𝑆11(dB) Optimal value 

 

𝜆𝑔 relation 

in mm 

 

𝒊(𝒙𝟏, 𝒚𝟏) post 

position 
1, 1 1.8, 1.8 8 

 

 

 

22.9-25.75 
 

≤-15 

 

1.75, 1.75 0.214* 𝜆𝑔 

𝒊(𝒙𝟐, 𝒚𝟐) post 

position 
1, 1 1.4, 1.4 6 1.3, 1.3 0.160* 𝜆𝑔 

𝒘𝟏 1.7 2.5, 2.5 5 1.825 0.224* 𝜆𝑔 

𝒘𝟐 1.7 2.5,2.5 5 
2.19 

 
0.269* 𝜆𝑔 

𝟏 × 𝟖 𝐏𝐨𝐰𝐞𝐫 𝐬𝐩𝐥𝐢𝐭𝐭𝐞𝐫 𝐏𝐚𝐫𝐚𝐦𝐞𝐭𝐞𝐫𝐬 (𝐦𝐦) 
𝑺𝒖𝒃_𝒍 68 𝑆𝑢𝑏_𝑤 52 

𝒘𝟒 8.6 𝐿1 13.3 

Variables 
Initial 

value 

End 

Value 
Iterations 

Bandwidth 

GHz 
𝑆11(dB) 

Optimal value 

 

 

𝜆𝑔 relation 

in mm 

 

𝒊(𝒙𝟏, 𝒚𝟏) post 

position 
1, 1 1.6, 1.6 10 

23-26.4 
≤-15 

 

1.45, 1.45 0.178* 𝜆𝑔 

𝒊(𝒙𝟐, 𝒚𝟐) post 

position 
1, 1 1.4, 1.4 6 1.1, 1.1 0.135* 𝜆𝑔 

𝒊(𝒙𝟑, 𝒚𝟑) post 

position 
1, 1 1.4, 1.4 6 1.1, 1.1 0.135* 𝜆𝑔 

𝒘𝟏 1.8 3, 3 5 2.8 0.343* 𝜆𝑔 

𝒘𝟐 1.8 2.5, 2.5 5 2 0.245* 𝜆𝑔 

𝒘𝟑 1 2 5 1.7 0.208* 𝜆𝑔 
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∈𝑟= 2.94 , tan 𝛿 = 0.0012 and thickness of 0.762mm. The vias are filled using plated through 

hole techniques (PTH). The simulated and measured S-parameters for SIW transition and all splitter 

designs measured are shown in Figure 4.12, Figure 4.13, Figure 4.14, Figure 4.15 and Figure 4.16. 

The S-parameters are characterized by using Agilent vector network analyzer HP8722ES having 

operating frequency range of 50 MHz to 40 GHz. The fabricated power dividers and measurement 

set up is shown in Figure 4.17. 2.4mm connectors are used for S-parameter measurements with all 

unused ports of the power splitters terminated with 50Ω loads. For the 1×8 power splitter, and the 

1×2 T output power splitter, the average insertion losses are found to be 0.8dB and 0.3dB higher 

than the simulated values. This increased loss is mainly due to the extended lossy microstrip lines 

at the output ports required to fit the coaxial connectors for testing, and the coaxial connector launch 

discontinuity, which is not considered in the simulation. The average measured insertion loss for 

1×4 T splitter, 1×2 T output splitter, and 1×8 power splitters are 7.2 dB, 4.3 dB and 12.2 dB 

respectively. More details about the measured results are also provided in Table 4.5. 

 
Figure 4.12 Measured and Simulated S parameter results for simple SIW transition © 2018 Wiley. 

Reprinted with permission © 2018 Wiley. Reprinted with permission 
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Figure 4.13 Measured and Simulated S parameter results of 1×2 output T power splitter © 2018 

Wiley. Reprinted with permission 

(Symbol A represents power splitters without extended transmission lines; Symbol B represents power splitters with 

extended transmission line) 

 
Figure 4.14 Measured and Simulated S parameter results of 1×4 T power splitter © 2018 Wiley. 

Reprinted with permission 
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b) 

Figure 4.15 Measured and Simulated return loss of 1×8 cross power splitter © 2018 Wiley. 

Reprinted with permission 

(Symbol A represents power splitters without extended transmission lines; Symbol B represents power splitters with 

extended transmission line) 

 
Figure 4.16 Measured and Simulated insertion loss of 1×8 power splitter © 2018 Wiley. Reprinted 

with permission 

(Symbol A represents power splitters with extended transmission line) 
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                                                        a)                          b) 

 
c)                                          d) 

Figure 4.17 Fabricated designs for a) SIW transition; b) 1×2 Y power splitter; c) 1×4 T power 

splitter; d) 1×8 power splitter © 2018 Wiley. Reprinted with permission 

Table 4.5 Measured Results 

Component 

name 

Measured parameters in dB @ 24 GHz 

SIW transition 𝑆11 ≤-28.3  𝑆21 ≤0.9 

1×2-outputT 

splitter 
𝑆11 ≤-23  𝑆21; 𝑆31 ≤4.38 

≤4.38 

 

1×4-T splitter 𝑆11 ≤-21.3  𝑆21; 𝑆51 ≤7.25 

≤7.25 

 

𝑆31; 𝑆41 ≤7.25 

≤7.25 

. 

1×8-T splitter 𝑆11 ≤-19.6  𝑆21; 𝑆91 ≤12.2 

≤12.2 

 

𝑆31; 𝑆81 ≤12.4 

≤12.4 

 

𝑆41; 𝑆71 ≤11.8 

≤11.8 

. 

𝑆51; 𝑆61 ≤9.8 

≤9.8 

. 
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4.5. Conclusion 

In this chapter, a wideband, 8-way SIW power divider with microstrip line launch is presented. 

The design is composed of multiple two-stage power dividers. To achieve a wider impedance 

match, various inductive posts at different locations of T-junctions have been added to minimize 

the reflections around the corners and smoothing the effect of various discontinuities. 

Parametric analysis of the taper width and taper length of the microstrip line is done for improving 

the transition between the microstrip line and SIW structure. The parametric analysis of various 

inductive posts positions is also provided to understand the significance of their position and size. 

All design parameters are tuned for reflection coefficient below -15 dB. For each designed power 

splitters, guided wavelength relation for various inductive post positions is provided to help in direct 

designing of high-performance splitters. All simulated designs are validated by prototyping and 

measurement. The proposed designs are wideband, low profile and can easily be scaled and adapted 

to realize the GDRA feeds presented in the following chapters.  
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Chapter 5 : Deep X-Ray Lithography Process for Building GDRA Array 

Layers 
 

5.1. Introduction  

Fabrication of high aspect ratio microstructures and ultra-high precision manufacturing is of great 

interest in a multitude of applications. Various fields such as robotics, micromechanics, integrated 

optics and sensors are directly related to this technology. Deep X-ray lithography (DXRL) is one 

of the unique techniques for obtaining high aspect ratio microstructures (HARMST) with tall 

vertical sidewalls and optical quality out of Polymethylmethacrylate (PMMA) [1] or SU-8 [2]. 

DXRL can be combined with electroplating and molding processes and is known by acronym 

LIGA; LI for X-ray lithography, G for Galvanoformung (German word for galvanic or 

electroplating) and A for Abformung (German word for molding). The use of X-ray lithography 

in LIGA makes the process highly suitable for producing microstructures with lateral dimensions 

as small as 200 nm and height of several millimeters [3]. DXRL inherits the advantage of the high 

degree of collimation of synchrotron radiation light to transfer the mask patterns with ultra-

precision into the thick polymer resists. These microstructures can be used as master mold in the 

subsequent replication steps. The resultant metal, alloy, or plastic products have numerous type of 

applications [4], [5]. 

This chapter discusses the deep-X-ray lithography (DXRL) procedure for developing two different 

low profile GDRA array template layers; i) solid template frame GDRA array layer; ii) strip 

template frame GDRA array layer. A graphite mask made through precision ultraviolet (UV) laser 

lithography has been used to expose a 500 𝜇m thick polymethylmethacrylate (PMMA) substrate 

to realize the GDRAs having micro-structures with an aspect ratio of 10 and high structure quality. 

The design process flow includes; i) developing X-ray graphite-mask using the UV laser writer, 

ii) transferring the graphite mask pattern into the 500 𝜇m thick PMMA resist using DXRL; iii) 

sample development in developer; iv) nickel electroplating the X-ray exposed cavities up to 

300 𝜇m to realize the artificial dielectric metal inclusions and lastly, v) dissolving the silicon wafer 

to extract the final GDRA devices. It is essential to note here that all design steps involved in this 

fabrication are performed at SyLMAND lab at Canadian Light Source (CLS), Saskatoon. 

Especially the electroforming of such thick metal structures i.e., 300 𝜇m inside plastic for 

microwave devices is done for the first time at CLS. The high permittivity GDRA arrays developed 
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through DXRL provide various advantages over the conventional DRA arrays such as monolithic 

template frame approach helps in precise alignment between the antenna array elements and the 

underneath feed structure, wide impedance bandwidth, and stable gain pattern with compact design 

geometry. The quality of the X-ray mask and developed structures are examined using an optical 

and a scanning electron microscope (SEM). Moreover, the details of the entire design sequence 

comprising mask development, sample exposure, sample development, and electroplating are 

provided.  

 

a)                                                           b) 

Figure 5.1 a) 4-element solid template frame GDRA array sample; b) 4-element strip template 

frame GDRA array sample 

 

5.2. Solid Template Frame vs Strip Template Frame Approach for GDRA Array 

A thin monolithic layer of solid template frame GDRA array developed through deep-XRL is 

shown in Figure 5.1a. It is comprised of a thin layer of polymer PMMA with small groupings of 

rectangular shaped micro-inclusions as highlighted by GDRA grids in Figure 5.1a each of which 

grouping function as GDRA element. Several of these element clusters in the PMMA frame 

collectively produce an antenna array effect. This novel solid template frame approach provides 

various interesting features in comparison to conventional dielectric resonator antennas (DRAs) 

with large permittivity 𝜖𝑟 > 15  such as more compact low-profile antennas. Secondly, the 

monolithic solid template frame approach facilitates in aligning the individual antenna elements 

over the feed networks for large antenna arrays, and lastly locally controlling the material 
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properties such as effective permittivity is possible by using different shape metal inclusions.  The 

second design approach involving a strip template frame layer is shown in Figure 5.1b.  The main 

difference here is the removing the PMMA polymer plastic in-between the adjacent elements of 

GDRA array to provide high permittivity contrast between the GDRA array adjacent elements to 

lower the energy coupling through the template frame. Both designs samples are fabricated using 

a single DXRL graphite mask containing various designs of solid template frame and strip template 

frame GDRA arrays. Therefore, both design approaches involve the same fabrication sequence 

from mask to sample development and electroplating.  A detailed DXRL fabrication process for 

both design approaches is presented in Section 5.3. Moreover, the comprehensive electrical 

performance characterization of designed prototyped devices is demonstrated in Chapter 6 and 

Chapter 7. 

5.3. Fabrication Process  

5.3.1. X-Ray Mask Fabrication 

A standard  X-ray mask is typically comprised of a thin carrier foil of low atomic number material 

carrying the microfabricated structures of a relatively thick, and high atomic number material [6].  

For the carrier foil/membrane materials like titanium (Ti), beryllium (Be), silicon (Si) and 

compounds having low absorption coefficient, high transparency to X-rays is generally desirable 

[7], whereas for the absorber structures,  materials with high atomic number such as gold are most 

commonly used. Graphite wafer-based masks that are common for XRL are often low-cost and 

generally preferred for quick prototyping due to simple fabrication process. Therefore, in this 

study, a mask made from graphite material was used. The graphite mask offers high X-ray 

transparency, and low thermal expansion coefficient, which makes it stable for very hard X-rays 

required for exposing thick resists and allows it to be used for multiple exposures. Moreover, it is 

physically more rigid and less prone to breaking for multiple exposures then other membranes. 

Conversely, the graphite masks have also some limitations such as porous surface, side wall 

striations in the exposed structures and feature sizes restriction to 8𝜇m [8]. However, all of these 

issues do not greatly impact the required structures for GDRA fabrication. The walls striations as 

shown in Figure 5.2 are relatively small typically 0.5 to 1𝜇m than compared to GDRA dimensions 

and hence can easily be ignored and lastly the grids dimensions are much larger than the feature 

size limitation of 8𝜇m i.e., 50𝜇m is the smallest feature size of the GDRA. 
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Figure 5.2 SEM image of GDRA array template corner showing vertical side wall quality. Sidewall 

striations are visible on the upper right-hand sidewall portion. 

A two-step mask transfer process has been extensively utilized for producing DXRL masks [9]. 

The aspect ratio of the intermediate mask is increased in the working XRL mask, providing thicker 

gold absorbers and resulting in a high contrast mask enabling deep exposures. But the two-step 

mask fabrication process is costly and time-consuming. Therefore, a single step working mask 

approach was adapted in this case for a simpler approach for the GDRA arrays, for exposing 

500𝜇m thick PMMA substrate with micro-structures with an aspect ratio of 10. The top surface of 

the graphite wafer is sealed by layering and flood exposing a thin layer of SU-8 prior to spin 

coating a thick layer of SU-8 required for writing a design mask image. This thin layer of polymer 

helps in smoothening the porous surface to avoid absorption of an extra SU-8 polymer into the 

graphite wafer during the spin coating process. To make the mask the GDRA array pattern is 

transferred to 50𝜇m spin coated SU-8 photo resist on the the 250 𝜇m thick graphite wafer using 

UV laser lithography. A Heidelberg Instruments DWL 66+ laser writer with a 355nm UV laser 

and a 10mm write head was used for exposing the GDRA array pattern into SU-8 negative tone 

photoresist. The irradiated SU-8 cross links and hardens where the polymer is exposed. The 

remaining polymer was removed by dissolving it in a developer solution. The developed cavities 

were then electrodeposited with gold to obtain 25𝜇m gold absorbers to produce a high contrast X-

ray mask. Figure 5.3a provides the optical microscope inspection of the single element of the 

selected GDRA array on a developed graphite mask. The small variation observed between the 

actual and measured dimensions as summarized in Table 5.2 is caused by diffraction/side wall 
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slope effect generated during direct writing into 50𝜇m thick SU-8 resist. Finally, the graphite mask 

process sequence is presented in Figure 5.3b. 

  

a) 

 

b) 

Figure 5.3 a) Optical microscope inspection of the GDRA array element on a graphite mask  

; b) Graphite mask process sequence  

 

5.3.2. Sample Exposure 

The first step for realizing GDRA arrays is the X-ray exposure of the PMMA resist. A 1.5mm 

thick PMMA sheet was glued and press-bonded on a sacrificial silicon wafer, coated with a 2.5 𝜇m 

thick titanium dioxide (TiO2) seed layer to facilitate the electroplating process. The PMMA sample 
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was then fly cut to the height of 0.5 mm and treated with an annealing process to remove the stress 

from the glue layer introduced during the press bonding process. The graphite mask realized in the 

preceding section was mounted in the X-ray scanner. A proximity gap of 250 𝜇m was applied 

between the X-ray mask and the sample exposure to minimize the effect of diffraction, which is 

the primary contributor to the loss of structural resolution [10].  The X-ray exposure transfers the 

GDRA array pattern to the PMMA resist to generate the template of the polymer part of the GDRA 

arrays. Figure 5.4 shows the mask mounted in an X-ray scanner. 

 

Figure 5.4 X-ray beam scanner with graphite mask and PMMA sample installation (image courtesy 

of SyLMAND CLS) 

Initially, a top to bottom dose ratio of approximately 3:1 with a bottom dose of 3.5 kJ/cm3 was 

used for the sample exposure. However, several attempts were made to optimize this dose until 

the cavities of size 𝑙 = 200 𝜇m × 𝑤 = 100 𝜇m × ℎ = 500 𝜇m were completely exposed from top 

to bottom of the resist. A bottom dose value of 4.2 kJ/cm3 was found to be an appropriate value 

for complete sample development. The horizontal slits in the beamline were adjusted to limit the 

X-ray beamwidth to 100 mm, which is the size of the silicon wafer, whereas the vertical slits were 

kept at 3 mm separation to avoid the X-ray beam vertical height beam spillover within length of 

the mirrors. i.e., (900 mm) at a low mirror grazing angle of 4 mrad. The lower energy component 

of the X-ray spectrum is filtered by using 15𝜇m thick aluminum absorber, and the double mirror 

system tilted an angle of 4 mrad to absorb the higher energy component. The effect of the 
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absorbers and filters on the power spectrum obtained from the synchrotron radiation source CLS 

(Canadian Light Source) in Saskatoon (electron energy 2.9 GeV, bending radius 7.1428m) is 

shown in Figure 5.5. The scanner working chamber is evacuated and then flooded with 100mbar 

of He to assist in cooling of the mask and substrate. During the exposure, the backside of the wafer 

sample holder plate was in contact with the thermostatic scanner plate at 19 oC. Moreover, during 

the experiment, the temperature is monitored using several thermocouples mounted at various 

points on the scanner. The highest temperature recorded at mask was 27 oC.  

 

Figure 5.5 Power spectrum from synchrotron radiation source CLS before and after filters and 

mirror (image courtesy of SyLMAND CLS) 

The mask and PMMA substrate surfaces are mounted perpendicular to the synchrotron light beam 

to avoid any oblique irradiation in the lithography process. During the sample exposure, both the 

mask and substrate are irradiated by highly intense and collimated synchrotron radiation. The 

complete and homogeneous dose distribution across the sample is achieved by vertically moving 

the mask and sample holder through the beam at a constant velocity.  
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5.3.3. Sample Development 

There have been several studies done in XRL [11]–[15] addressing the development of thick 

irradiated polymers and structures. Some of the critical parameters focused in these studies are the 

type of the PMMA  e.g. crosslinked, non-crosslinked, the developer temperature, the developer 

type, the synchrotron source (dose rate, mean photon energy), the time between the exposure and 

the development, the aspect ratio of the microstructures, and the dose deposited which must be 

taken into account for analyzing the development behavior of any irradiated resist. In the present 

case, a study on the development of thick resist, i.e., 500 𝜇m PMMA with different dose 

distribution supported with stirring and dip development under vacuum has been carried out.  

Three samples were exposed and developed at different radiation dose levels for conducting the 

development study. All three samples are 500 𝜇m thick. The development was performed 

immediately after the exposure to utilize the outgassing effect, which increases the transport of 

PMMA fragments and this effect is not very dominant after a few hours delay between the 

exposure and development [11]. For comparative study, the same element of the selected GDRA 

array is considered for all inspections. GG developer [16] was used for performing the 

development process. Additionally, bath stirring was utilized for enhancing the transport of 

developer solution into the deep cavities. Several observations were made during the development 

process. For all samples, at the initialization of the development, a layer of bubbles was noticed 

on the exposed areas due to the rapid diffusion of the gas. Therefore, each sample was flipped 

upside down for 15 minutes after an interval of every 2 hours to assist in the release of entrapped 

gas bubbles and help the flow of fresh developer solution into the small cavities. For all samples, 

the development process was performed for 15 hours, which is slightly higher than the time 

normally required for developing exposed resist of same thickness, which is on the order of 10 

hours [12]. The main reason for this increased development time is to add an extra safety margin 

due to the limited transport of the developer solution in small and high aspect ratio cavities, which 

is not usually incorporated by most of the simulation tools use for estimating the resist 

development time [17]. The development process for the three samples is summarized in Table 

5.1.  

At the end of the development process, sample #1 was rinsed with deionized water for inspection. 

A few residue flakes were observed along the side walls of developed GDRA cavities as shown in 

Figure 5.6a. Moreover, for a quick development test, the sample was immersed into the nickel-
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plating bath to see if plating in all GDRA cavities is initiated, and this plating initiation confirms 

whether all GDRA cavities are completely developed down to the metal seed layer. Interestingly, 

all the GDRA cavities were left un-plated in comparison to surrounding large developed areas as 

shown in Figure 5.6b. The possible reason for the problem is undeveloped residue left inside the 

deep rectangular cavities, which is difficult to examine under the optical microscope. Therefore, 

to resolve the issue, sample #2 was exposed with slightly higher bottom dose values, i.e., 4.2 

kJ/cm3 and was processed through similar steps as discussed for sample #1. This time, 16 out of 

28 GDRA cavities were plated as shown in Figure 5.6c which confirms the low dose problem for 

previous sample #1 and secondly in this case, complete development of some of the deep 

rectangular GDRA cavities. However, still 12 out of 28 cavities were found un-plated. Hence in a 

further step, sample #3 was exposed with the same dose values as used for sample#2, but with a 

slightly improved development process. In this case, dip development was performed separately 

in a vacuum chamber for an hour after every two hours of regular development (i.e., with stirring) 

in order to assist the evacuation of the gas bubbles trapped inside the deep cavities which prevents 

the transport of the fresh developer into the cavities, to promote the development process.  

Moreover, a plasma descuming [18] was performed to remove any polymer residual layer left 

along the side walls and masking the plating seed layer surface prohibiting any plating in these 

areas. During descum process, the developed sample was placed inside the plasma reactor and 

bombarded with plasma activated oxygen atoms that react vigorously with photoresist at room 

temperature and hence striping the “organic smear” or thin film of the resist left in developed areas. 

Finally, a quick plating test was performed to inspect the complete development of the GDRA 

cavities. Figure 5.6d illustrates the plating initiated in all grid cavities, which validates the 

significance of the vacuum dip development in enhancing the developer transport into the deep 

micro-structures and the descum procedure for removing any residual flakes along the GDRA 

cavities sidewalls and the plating surface of the wafer. 

To visualize the structure side wall quality, the SEM images of a 4-element strip frame GDRA 

array is presented in Figure 5.7. The side walls for GDRA array were found to be quite smooth 

and vertical. A small striation visible in Figure 5.7b along the sidewalls is the characteristic of the 

graphite mask [8]. 
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Figure 5.6 Different attempts of the exposure and development process with 3 different samples  

Table 5.1   Result of studies related to development of PMMA in high aspect ratio structures 

Sample 

# 

Bottom dose 

(kJ/cm3) 

Development 

time 

(hours) 

Development condition Plating test 

comments 

1 3.5  15 Stirring 21 oC; 

No vacuum 

None of the cavities was 

plated 

2 4.2 15 Stirring 21 oC; 

No vacuum 

Only a few cavities were 

plated  

3 4.2 15 Stirring 21 oC; 

1-hour dip development in 

vacuum after every two hours 

of normal development 

operation. 

All cavities were plated  
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a) 

 
b) 

Figure 5.7 a); b) SEM imaging of 4-element GDRA array sample (image courtesy of SyLMAND 

CLS) 

5.4. Electroforming and Structure Releasing 

Micro electroforming allows a variety of metal and metal alloys to be utilized for the fabrication 

of microstructure produce by DXRL. However, the best-known processes are the electroforming 

of nickel where a metallic nickel layer is being deposited from a chloride-less sulfamate 

electrolyte, and the electro-deposition of the gold [19]. Other materials, being less frequently used 

are copper, nickel-cobalt alloy, zinc, and pure iron. Electroforming can provide high dimensional 

precision, precise reproduction of the surface details i.e., typically fine details of 0.01 𝜇m, 

production of complex shapes and thin wall components with an extensive range of sizes [20], 
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[21]. However, it also has certain limitations like long deposition time, material restriction, and 

non-uniform thickness, which may hinder its use as a viable production process [22]. The 

requirements on the electrodeposition process for defect-free microstructures are high such as the 

electrolyte should be very pure and free from any kind of impurities like dust or anodic mud, which 

could possibly cause the formation of hydrogen bubbles that locally inhibit the metal deposition.  

In the present case, DisChem nickel plating solution [23] is used for plating PMMA based GDRA 

deep microstructures through electroforming. The important physical operating parameters for 

nickel electroforming include the nickel anode for the source of nickel ions, the wafer sample 

holder, which acts as a cathode, and sulfamate nickel as a conductive electrolyte for transporting 

nickel ions from anode to cathode. Other processing parameters to control electroforming are the 

plating solution composition, pH, temperature, additive, and impurity [24].  

Above all current density management is the most critical factor for controlling the 

electrodeposition process for two main reasons. Firstly, it controls the rate of the metal deposition 

and secondly it must be controlled within the correct operating range to achieve good deposit 

quality with uniform appearance and free from burning. The actual thickness of nickel at any point 

on the surface of the cathode depends on the current density at that point i.e., how the current is 

distributed over the surface of the structure being plated. Specially for nickel electroforming, the 

current distribution is largely determined by geometric factors such as shape of the cavity to be 

electroplated, relative placement of the cathode with respect to the anode, and the dimension of 

the system. In most of the cases, except the simplest shape to be electroplated have prominent 

surfaces nearer to anode than recessed areas, a uniform thick nickel coating is difficult to achieve. 

The current density in prominent/open surface areas is greater due to the shorter anode to cathode 

distance and lower resistance to the current flow. Conversely, recessed areas like the small cavities 

being further away from the anode and restricted in opening will have less current density because 

of increased resistance to the current flow. This evidently means, that the plating in the prominent 

areas will be faster than the recessed ones. Because of the large geometrical influence on the 

current density at localized areas in the case of nickel electroforming, current distribution is 

virtually the same as the metal distribution. Thus, auxiliary anode and shields can be used 

effectively for achieving the uniform thickness over the target surface [20]. 



124 

 

 

Figure 5.8 Fully nickel plated GDRA element (image courtesy by SyLMAND CLS) 

Nickel ions are dissolved in electrolyte and carried and deposited at cathode by DC current 

operation. The distance selected between anode and cathode was 5cm. On the basis of the 

calculated plated area, a DC current of 0.22 amperes is chosen to achieve current density of 

8mA/cm2, which is slightly less than the typical requirement of 10mA/cm2 to attain low internal 

stress for producing flat plated surfaces [23].  Additionally, the pH of the plating bath was adjusted 

to 3.72 for achieving optimal plating speed [23]. With the selected plating rate of 0.15 𝜇m/min, 

the plating height of 300 𝜇m is realized in 28 hours which is comparable to an estimated time of 

33.2 hours. The plating thickness in the sample is monitored regularly after every 4 hours using an 

optical microscope. The plating rate at the center of the wafer was observed faster than the side 

areas due to the high electric flux density between the parallel faces of anode and cathode. 

Similarly, the plating rate in prominent surfaces as shown in Figure 5.8 was noticed higher than in 

recessed small cavities due to large current distribution. This validates the fact that the amount of 

metal deposit on the surface of any object being plated is proportional to the current that reaches 

the surface. Consequently, the electrodeposited coating is relatively thick in open/prominent areas 

and relatively thin in recessed areas. Moreover, to avoid the over-plating at prominent areas the 

wafer was shielded with PMMA masking tape during sample plating. 
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Figure 5.9 Schematic illustration of the GDRA array fabrication using DXRL 

The top microscopic view of fully plated cavities in a GDRA array element are presented in Figure 

5.8. All cavities are successfully plated with maximum height variation of 50 𝜇m. A complete 

schematic illustration of the GDRA array fabrication using DXRL is presented in Figure 5.9. The 

geometry of a single element strip frame GDRA along with design variables is presented in Figure 

5.10. Moreover, the comparison between the structural dimensions from mask to plated structures 

is summarized in Table 5.2. The inclusion 𝑥 and 𝑦 gap variations between the graphite mask and 
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electroplated structures could be the result of various fabrication factors like reduced mask contrast 

as a result of multiple X-ray exposures, diffraction effect due to large proximity gap of 250 𝜇m in 

our case which reduces the design features resolution, thermal/ heat load effect due to large dose 

distribution on the top surface of the PMMA substrate during deep-XRL exposures which tends to 

increase the expected size of the exposed cavities and consequently reducing the adjacent cavities 

spacing or the inclusion gaps, secondary dose deposition in areas close to the gold absorbers, and 

the sample over development due to large development time. 

 

Figure 5.10 Geometry of single element GDRA along with design variables 

Table 5.2 Comparison between the GDRA element actual dimensions, on graphite mask and on 

an electroplated sample. 

GDRA sample Inclusion-

width(𝜇m) 

𝐼𝑥 

Inclusion-

length(𝜇m) 

𝐼𝑦 

Inclusion-x 

gap(𝜇m) 

𝐼𝑥−𝑔𝑎𝑝 

Inclusion- y-

gap(𝜇m) 

𝐼𝑦−𝑔𝑎𝑝 

Actual dimension 100 200 50 50 

On mask 101.6 201.8 47.7 47 

On plated sample 108.5 206.7 38 41.1 

 

After finishing the electrodeposition process, the DXRL developed structures are released by 

dissolving the silicon wafer in KOH bath at 60 oC and the titanium seed layer by applying 

Hydrofluoric acid (HF). Finally, the fabricated devices are manually extracted by delicately 

detaching them from large surrounding plated areas as shown in Figure 5.11. During the process, 

each GDRA sample is carefully pressed outward from the nickel frame and hence separated from 
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the large metallic surrounding area. 

 

Figure 5.11 Nickel plated sample wafer 

 

5.5. Conclusion 

In summary, an X-ray lithographic procedure for fabricating GDRA array template for millimeter-

wave application has been presented. A graphite mask built through UV-lithography is utilized for 

exposing 500 𝜇m thick PMMA substrate using deep-XRL. Different design stages from mask 

fabrication to sample exposure, development and electroforming are investigated. Performing dip 

development in the vacuum chamber is found to have significant impact on the development of 

high aspect ratio irradiated PMMA microstructures by enhancing the fluid transport into the deep 

cavities. The design performance of both solid template frame and strip template frame GDRA 

array layers fabricated using DXRL is characterized in Chapter 6 and Chapter 7. 
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Chapter 6 : Low Profile Artificial Grid Dielectric Resonator Antenna 

(GDRA) Arrays for 𝐾𝑎 band Applications 
 

6.1. Introduction 

This chapter6 presents wideband solid template frame grid artificial dielectric resonator antenna 

(GDRA) arrays at 32 GHz for mm-wave applications. Rather than simply manually assembling 

individual GDRA elements in an array structure, the entire GDRA array is realized as a thin 

monolithic polymer layer with all the GDRA elements embedded inside, removing the requirement 

to assemble and align individual GDRA elements to the feed structure. The antenna array is 

comprised of a GDRA layer and a substrate integrated waveguide feeding layer. The GDRA array 

layer is built by embedding thin rectangular metal grid structures in low permittivity dielectric 

polymethyl methacrylate (PMMA) using a deep-X-ray lithography (DXRL) and electroforming 

process as described in Chapter 5. The rectangular metallic inclusions significantly increase the 

effective permittivity of the base material in this case up to 17 by creating high electric flux density 

regions inside. Low loss SIW feeding with longitudinal slots is utilized to excite the GDRA array 

layer. A 200𝜇𝑚 thin perforated layer of PMMA realized between the rectangular grid structures 

and the SIW feedlines avoids shorting the metal inclusions to the excitation slots, while improving 

broadband energy coupling to the GDRA layer. Four element (1×4) and eight element (1×8) 

GDRA arrays have been fabricated and measured.  

6.2. SIW Series Slot Fed GDRA Array  

The single element GDRA design with solid template frame and an effective permittivity of 17 as 

described in Chapter 3, Section 3.5 is used here for building monolithic solid template layer 4-

element and 8-element GDRA arrays. 

6.2.1. 4-Element Standing Wave Slot Fed GDRA Array 

The exploded view of the 4-element GDRA array, series fed through an SIW feeding mechanism 

is provided in Figure 6.1. Non-resonant longitudinal slots [1], [2] are offset a certain distance from 

center to provide power control of the excitation amplitude for each element. Also, the slots are 

used alternatively in opposite sides of the waveguide, which due to the current phase inversion 

                                                 
6 Details including some textual material, some illustrations and some tabular material in Section 6.2-6.4 are accepted in W. Mazhar, D. Klymyshyn, 

G. Wells, A. A Qureshi, M. Jacobs, and S. Achenbach, “Low profile artificial grid dielectric resonator antenna arrays for mm-wave applications,” 
IEEE Trans. Antennas Propag., vol. 67, no. 07, 2019 © 2019 IEEE . Reprinted with permission. 
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provides in-phase excitation of the alternate array elements [3], resulting in a more compact array 

structure. The critical design parameters are the slot offset (𝑑𝑛) from center, the slot gap 

(𝑠𝑙𝑜𝑡_𝑔𝑎𝑝), and the distance between the last slot and SIW short-circuited wall (𝑊𝑠𝑐). The SIW 

dimensions, slot length (𝑠𝑙_𝑙𝑔) and the intermediate layer thickness (⧍𝑧) are the same as in Section 

3.5 and Table 3.5. The distance 𝑊𝑠𝑐 is initially set to λ𝑔 /4 [4] and then further tuned to improve 

the input reflection coefficient and standing wave phase at the excitation slots. 

 

Figure 6.1 Simulation design for 4-element series fed GDRA array © 2019 IEEE. Reprinted with 

permission. 

A narrow slot cut longitudinally into the broadside of the waveguide interrupts x-directed current 

as shown in Figure 6.2. This interruption in the surface currents causes E-fields inside the slot 

which act as an excitation source. A slot close to the centerline of the waveguide is near the open 

circuit point and disrupts a minor amount of current. Conversely, a slot moved from the centerline 

in the x-direction toward the sides of the waveguide causes large disruption in surface current, and 

induces strong E-fields across the slot, and high coupling to the antenna layer. Figure 6.2b provides 

the instantaneous current density on the broad surface of the waveguide for 𝑇𝐸10 mode, which 

confirms that the current density is minimum at the center of the waveguide and then increases 

toward the outer edge of the broadside walls. This increasing energy transfer with slot x-direction 

position can be used to control power distribution across each antenna element for tailoring the 

array radiation pattern [5]. In the present study, uniform power distribution [6] across the slots is 
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considered for the 4-element GDRA array. In other words, all slots are placed at the same offset 

from the center of the SIW channel. The value of the uniform displacement is calculated by 

expressions [7]–[9] given below: 

 
𝑑𝑛 =

𝑎

𝜋
√sin−1

1

(𝑁∗𝐺)
  (6.1) 

 
𝐺 = 2.09 ×

𝑎

𝑏
×
𝜆𝑔

𝜆0
× [cos(0.464𝜋 ×

𝜆𝑔

𝜆0
) − cos 0.464𝜋]

2

 (6.2) 

where 𝑎 is the SIW width, b is the height of the substrate, 𝑁 is the number of array elements, 𝐺 is 

the normalized slot conductance and 𝜆𝑔, 𝜆𝑜 are the free space and the guided wavelengths at the 

design frequency. For 𝜆𝑔 = 8.4mm in Equation 6.2, 𝑑𝑛 is calculated to be 1.2mm. 

 
                          a)                        b)                               c)                         d) 

Figure 6.2 a) E-field standing wave pattern in unloaded SIW; b) Current density pattern in 

unloaded SIW (slots shown for information with 
𝜆𝑔

2
 spacing); c) sketch of the current vectors in 

unloaded SIW; d) SIW E-field intensity plot in the PMMA template for the 4-element GDRA array 

© 2019 IEEE. Reprinted with permission.   
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Due to the current phase inversion shown in Figure 6.2c, slots placed at 
𝜆𝑔

2
 and on opposite sides 

of the waveguide centerline will be in phase ensuring that all GDRA array elements are fed 

constructively, producing an antenna array effect.   

This slot spacing is also a critical factor in controlling the beamwidth of the array. Element spacing 

less than 
𝜆𝑔

2
⁄  results in a wider beamwidth, whereas spacing greater than 

𝜆𝑔
2
⁄  offers more 

compact beamwidth, but with grating lobes in the visible region of the pattern [10]. Moreover, the 

E-fields of each GDRA element resemble a magnetic dipole-like pattern, similar to a conventional 

DRA as shown in Figure 6.2d. Therefore, it is expected to generate a similar radiation pattern. 

6.2.1.1. Effect of Intermediate Layer Thickness 

GDRAs fed through direct slot contact under the PMMA template can be problematic since the 

metal grids can short to the feed structures resulting in unpredictable performance, and abrupt 

impedance variations across the frequency band as shown by the red curve in Figure 6.3a.To avoid 

this, an intermediate perforated polymer dielectric layer (⧍z) is introduced at the GDRA and 

feeding slot interface. A parametric study of the variable ⧍z is conducted for a fixed metal grid 

height (𝐼𝑧 = 0.3mm), to analyze its impact on the input impedance and the reflection coefficient of 

the 4-element GDRA array. Based on the S-parameters provided in Figure 6.3b, at ⧍z = 0, there 

is hardly any energy coupled into the GDRA elements and the shorted GDRA metal grids behave 

as a reflective surface positioned on top of the longitudinal slots [11]. As the intermediate layer 

thickness ⧍z is increased, the input impedance can be adjusted closer to system impedance, 

improving energy coupling and gain, and increasing impedance bandwidth of the GDRA array as 

shown in Figure 6.3. 

An intermediate layer thickness of ⧍z = 0.2mm provides good performance and is chosen for the 

sample designs. For instance, a -10dB bandwidth of 2.65 GHz centered at 31.2 GHz with peak 

gain of 10.2 dBi is obtained. This design methodology results in a type of multi-segment resonator 

structure, where the bottom layer is the lower permittivity intermediate layer and the top layer is 

the higher permittivity GDRA template. The arrangement has similar effects, particularly in 

increasing the impedance bandwidth, as with the conventional multi-segment DRA [12].  
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a) 

 

b) 

 

c) 

Figure 6.3 Parametric study of the intermediate layer thickness ⧍z for 4-element GDRA template 

over a) input impedance variation; b) S-parameters impedance bandwidth; c) Gain performance © 

2019 IEEE. Reprinted with permission.    

 



136 

 

6.2.1.2. Effect of Metal Height 

The resonance frequency of the GDRA array can be controlled through the embedded metal grid 

height (𝐼𝑧) inside the PMMA template, as shown in Figure 6.4a. Increasing the height of the grid 

𝐼𝑧 from 0.3 mm to 0.8 mm results in a 6.4% downward shift in the frequency resonance from 31.8 

GHz to 29.36 GHz. The gain also improves with increasing grid height, which tends to promote 

more directed broadside radiation patterns, as shown in Figure 6.4b. This enhancement is also 

similar to conventional DRAs, where low profile DRAs with height <
𝜆𝑔

2
⁄   can suffer from low 

gain due to suboptimal mode excitation. Moreover, Figure 6.4a confirms the non-resonant 

behavior without the intermediate layer, and also the non-resonant behavior of the slots alone 

without the multi-segment GDRA layers.  

 
a) 

 

b) 

Figure 6.4 Effect of grid inclusion height on 4-element GDRA array: a) impedance bandwidth; b) 

gain © 2019 IEEE. Reprinted with permission.    
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6.2.1.3. Mutual Coupling between Adjacent Elements 

Mutual coupling between adjacent GDRA elements is an important factor in array performance, 

affecting the gain, impedance bandwidth, and efficiency [13], [14]. Two back-to-back embedded 

GDRA elements are fed through separate feeds to determine the mutual coupling as shown in 

Figure 6.5, for different template permittivities. As shown in Figure6.6a, the mutual coupling 

increases by about 3 dB by increasing the template permittivity from 2.5 to 4.2, while the resonant 

frequency and impedance bandwidth decrease due to an overall increase in the GDRA effective 

permittivity. Moreover, the increased mutual coupling between adjacent array elements degrades 

the radiation efficiency, as shown in Figure6.6b. The higher permittivity template frame results in 

less permittivity contrast between the adjacent GDRAs and consequently more energy flows 

between the neighboring GDRAs through the template frame as the energy remains more confined 

in high permittivity dielectric materials. 

 

Figure 6.5 Simulation model for adjacent element mutual coupling of embedded GDRA elements 

© 2019 IEEE. Reprinted with permission.    

6.3. 8-Element Standing Wave Slot Fed GDRA Array 

An 8-element SIW series fed GDRA array shown in Figure 6.7 is constructed using the same 

approach as for the 4-element design. Design parameters including the slot length, the slot gap, 

and the intermediate layer thickness (⧍z) remain the same, and uniform slot offsets are determined 

using Equations (6.1) and (6.2). 

Simulated results for an optimized design are presented in Figure 6.8, demonstrating a 10-dB 

impedance bandwidth of 5.3 GHz from 29.0 to 34.3 GHz, and maximum realized gain of 12.13 

dBi. 
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a) 

 
b) 

Figure 6.6 a) Effect of template permittivity on mutual coupling and resonance frequency of the 

GDRA; b) Effect of template permittivity on GDRA radiation efficiency © 2019 IEEE. Reprinted 

with permission.    

 
Figure 6.7 Simulation design for 8-element GDRA array © 2019 IEEE. Reprinted with permission.    
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Figure 6.8 Simulated S11 and gain for 8-element embedded GDRA array © 2019 IEEE. Reprinted 

with permission. 

6.4. Fabrication and Measurement  

The solid template frame fabrication approach as discussed in Chapter 5 is utilized for realizing 

the series-fed GDRA arrays.  

A standard PCB process is used for building the SIW feeding circuits for all designed prototypes 

on Rogers 6002 substrate with permittivity of 2.95 and a substrate thickness of 0.508 mm. For all 

circuits, input microstrip lines are excited through two-hole flange mount V-type connectors with 

customized aluminum chassis as shown in Figure 6.9. All GDRA array templates are bonded under 

an optical microscope to the feedline structures using a layer of thin silicone adhesive. The S-

parameters of the fabricated prototypes are measured over the frequency band of 28 to 36 GHz. 

All reflection coefficients measured using Agilent vector network analyzer HP8722ES having 

operating frequency range of 50 MHz to 40 GHz are presented in Figure 6.10a, depicting 4-

element, and 8-element SIW series slot fed GDRA arrays with a measured impedance bandwidth 

of 4.4 GHz from 30.8-35.20 GHz and 5.95 GHz from 29.25-35.20 GHz respectively. However, a 

frequency offset of 1 GHz is noticed between the simulated and measured results. The reason for 

this affect is the grid height (𝐼𝑧) variations produce during the metallization process. The average 

grid height (𝐼𝑧) measured at different locations in the template frames for both 4-element and 8-

element GDRA arrays is found to be 0.25 mm instead of the simulated value of 0.3mm. Therefore, 

a separate comparison between the simulated and measured return loss for a grid height 𝐼𝑧=0.25 
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mm is also provided in Figure 6.10b, which validates the close resemblance between the simulated 

and measured results.  The measured and simulated bandwidth comparison is summarized in Table 

6.1. 

Simulated and measured co- polarization and cross-polarization responses for 4-element and 8-

element GDRA array configurations are illustrated in Figure 6.11 and Figure 6.12 with the 

maximum broadside gain of 10.2 dBi and 12.13 dBi and cross-pol levels of -25 dB and -22 dB 

respectively. For a 4-element and 8-element GDRA array, all GDRAs are fed by E-fields in the 

longitudinal slots in the broadside wall of the SIW. Since the E-cross pol levels are low i.e., below 

-22 dB, this indicates that the E-field vectors of each slot and GDRA elements are well aligned. 

Table 6.1   Comparison between simulated and measured return loss (dB) 

Design 
Simulated 

𝑆11(dB)≤-10 in GHz 

for 𝐼𝑧= 0.25 

Measured 

𝑆11(dB)≤-10 in GHz 

Measured 

%Bandwidth ≤-10 

dB 

4-element GDRA 

array 

30.70-33.5 30.80-35.20 13.33% 

8-element GDRA 

array 

29.35-35.50 29.25- 35.20    18.46% 

 

 
             a)                                             b) 

Figure 6.9 a) 8-element and 4-element GDRA prototypes; b) 8-element GDRA array mounted on 

the AUT stage of the spherical measurement system © 2019 IEEE. Reprinted with permission. 
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a) 

 
b) 

Figure 6.10 Simulated and measured S-parameters comparisons for 4-element and 8-element 

GDRA array:  a) for 𝐼𝑧= 0.3 mm; b) for 𝐼𝑧= 0.25  © 2019 IEEE. Reprinted with permission.    

The radiation behavior of all antenna prototypes is experimentally characterized through the NSI-

700S spherical measurement system. For a 4-element design, the maximum measured broadside 

gain of 10.05 dBi is observed at 32 GHz. Whereas, for 8-element array design, a maximum far-

field gain of 12.02 dB is observed at 32 GHz. The slight variation in the simulated and measured 
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gain values may be due to reduced coupling energy from the slot to GDRA template because of a 

small air gap introduced by the silicone glue. Most of the E and H-plane radiation patterns as 

shown in Figure 6.11 and Figure 6.12 are found to be in good agreement with the simulation 

results.  

 

 
a) 

 
b) 

Figure 6.11 Simulated and measured radiation patterns: a) 4-element GDRA array co-pol; b) 8-

element GDRA array co-pol © 2019 IEEE. Reprinted with permission.    
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a) 

 
b) 

Figure 6.12 Simulated and measured radiation patterns: a) 4-element GDRA array cross-pol; b) 8-

element GDRA array cross-pol © 2019 IEEE. Reprinted with permission.    

The maximum gain over the design frequency bandwidth presented in Figure 6.13, confirms the 

gain stability across the bandwidth for all fabricated designs. Moreover, the radiation efficiency 

measured by comparing the realized gain and directivity ratio is also provided in Figure 6.14. The 

maximum radiation efficiency of 76.4% is achieved for 8-element GDRA array, validating the 

GDRA array as a high efficiency antenna at mm-wave frequencies. 



144 

 

 

Figure 6.13 Simulated and measured gain comparison for 4-element GDRA array, and 8-element 

GDRA array © 2019 IEEE. Reprinted with permission.    

 

Figure 6.14 Measured radiation efficiency for 4-element and 8-elment GDRA array © 2019 IEEE. 

Reprinted with permission. 

6.5. Conclusion 

In this chapter, the potential of the artificial grid DRAs (GDRAs) as an antenna array has been 

demonstrated. The utilization of the GDRA elements in a single monolithic solid PMMA template 

array has resulted in a wide-band and an efficient high-gain mm-wave antenna (i.e., radiation 
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efficiency of 76.4%). The multi-layer GDRA approach provides a more versatile slot feed 

excitation in contrast to simple narrow band microstrip feeding.  

The 8-element array covers a maximum impedance bandwidth of 5.95 GHz from 29.3-35.20 GHz, 

and has a peak broadside realized gain of 12 dBi. Good agreement between the simulated and 

measured results endorses them an attractive alternative candidate to conventional dielectric 

resonator arrays for mm-wave applications. In the next Chapter, this template approach is extended 

to 2D arrays.  
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Chapter 7 : 60 GHz Substrate Integrated Waveguide fed Monolithic Grid 

Dielectric Resonator Antenna Arrays 
 

7.1. Introduction 

In this chapter7 the two different design approaches for building artificial grid dielectric resonator 

antenna (GDRA) arrays are used to demonstrate larger array possibilities at much higher mm-wave 

frequencies. The arrays are integrated with longitudinal slot-fed substrate integrated waveguide 

(SIW) networks and demonstrated at 60 GHz (V-band) for wideband and high gain applications. 

For both approaches, the effective permittivity of a 500µm thick, low permittivity polymethyl 

methacrylate (PMMA) substrate is locally increased by up to 22.4 by embedding groups of micro-

sized rectangular metal inclusions, each group functioning as antenna elements and collectively 

functioning as an antenna array.  

In the first approach, the monolithic solid template frame GDRA array approach as discussed in 

Chapter 5 Figure is used to demonstrate two large 2-dimensional (2D) planar GDRA arrays while 

providing precise inter-element spacing. This also represents a more complicated SIW feed 

network, combining the series fed concept of Chapter 6, with the parallel feed distribution of 

Chapter 4. GDRA prototypes with 4×4 and 8×8 array elements are fabricated and tested at 60 GHz.  

 
Figure 7.1 4×4 and 8×8 monolithic 60 GHz GDRA array layers © 2019 IEEE. Reprinted with 

permission. 

                                                 
7 Details including some textual material, some illustrations and some tabular material in Section 7.2-7.6 are published in “W. Mazhar, D. 

Klymyshyn, G. Wells, A. A Qureshi, and, M. Jacobs “60 GHz Substrate Integrated Waveguide Fed Monolithic Grid Dielectric Resonator Antenna 
Arrays” IEEE antennas and wireless propagation letters, vol. 18, no. 06, April 2019 © 2019 IEEE . Reprinted with permission. 
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In the second approach, a monolithic strip frame template based GDRA array as described in 

Chapter 5 is developed to reduce the inter-element mutual coupling between the array adjacent 

elements through the template frame. For a comparative analysis, S-parameters, gain and radiation 

efficiency of both design approaches; SIW fed 4-element monolithic solid template frame and the 

strip template frame GDRA array are provided.  

7.2. Design and Concept for 60 GHz Solid Template Frame GDRA Arrays 

Large 2D 60 GHz SIW fed GDRA arrays are fed through SIW based T-junction power splitters 

similar to those discussed in Chapter 4. Simulations are conducted with the aid of ANSYS HFSS 

and CST Microwave Studio. All GDRA array layers are fabricated using deep X-ray lithography 

(DXRL) with metal electroplating, whereas the feed circuits are built through standard printed 

circuit board (PCB) technology on Rogers CLTE-XT substrate with relative permittivity of 2.95 

and thickness of 0.25mm.  

7.2.1. Effective Permittivity Estimation 

The permittivity estimation method described in Section 3.2.1 is used to retrieve the constitutive 

parameters of the current grid dielectric material. All design variables for this study are provided 

in Figure 7.2 and Table 7.1. The retrieved effective permittivity of the test material along with 

refractive index 𝜂 and impedance 𝑧 are shown in Figure 7.3a, and Figure 7.3b. An effective 

permittivity of 22.4 is realized with inclusion dimensions of 0.2×0.1×0.3 mm (l×w×h), and grid 

separation of 0.05 mm. Moreover, the material loss tangent (tan𝛿) of 0.003 is estimated at 60 GHz 

by using the ratio of the imaginary (𝜀′′ = 0.07) and real part (𝜀′ = 22.4) of the effective 

permittivity presented in Figure 7.3.  

 

Figure 7.2 Design model of single GDRA element © 2019 IEEE. Reprinted with permission. 
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Table 7.1   Design variables for a single GDRA element 

𝑃𝑎𝑟𝑚𝑎𝑡𝑒𝑟s 𝑆𝑦𝑚𝑏𝑜𝑙 Values(mm) 

GDRA-width b 0.90 

GDRA length a 0.90 

GDRA height d 0.05 

Inclusion x-gap 𝐼𝑥−𝑔𝑎𝑝 0.05 

Inclusion y-gap 𝐼𝑦−𝑔𝑎𝑝 0.05 

Inclusion-width 𝐼𝑥 0.20 

Inclusion-length 𝐼𝑦 0.10 

Inclusion-height 𝐼ℎ 0.30 

Inclusion-offset ⧍z 0.20 

No of grids along x and y-

axis 
 7×4 

 

 

Figure 7.3a Simulated reflection and transmission coefficients along with refractive index and 

impedance of the GDRA sample © 2019 IEEE. Reprinted with permission 
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Figure 7.3b Real and imaginary permittivity of the GDRA sample © 2019 IEEE. Reprinted with 

permission 

7.2.2. SIW Fed Single GDRA Element Design 

It is essential to characterize the design performance of the single GDRA element prior to 

designing multichannel SIW fed GDRA arrays. Therefore, a single GDRA element fed by SIW 

based longitudinal slot feed technique is evaluated in this section. An SIW width of 2.3mm is 

considered. The critical design parameters for this study are the slot length “𝑆_𝑙𝑔”, the slot width 

“𝑆_𝑤𝑑”, and the slot position “𝑆𝑐𝑊”are shown in Table 7.2. The coupling slot length “𝑆_𝑙𝑔” is kept 

in the proximity of “𝜆𝑔/2” at a center frequency to avoid the slot resonance, whereas the slot width 

= 0.3mm<𝜆𝑔/10 is used to avoid high cross pol levels during the GDRA excitation process. The 

slot position “𝑆𝑐_𝑊” is initially considered at “𝜆𝑔/4", which corresponds to a maximum standing 

wave field intensity (maximum coupling) in the channel as shown in Figure 7.4a. 

The dimensions for the single GDRA element are estimated by using the transcendental equation 

mentioned in Section 2.4.2.1. The variables 𝑎, 𝑏 and 𝑑 are the length, width, and height of the 

GDRA. For simplicity, the variables 𝑎 and 𝑏 are kept almost the same i.e., square GDRA, whereas 

𝑑 is 0.5mm thick for achieving the low profile GDRA design. By inserting equation (2.80), (2.81) 

and equation (2.82) along with the design frequency 𝑓𝑜= 60 GHz, and an estimated bulk grid 

dielectric material permittivity 𝜀𝑟 = 22.4 in equation (2.90) and solving it for variable 𝑎 gives 

𝑎;  𝑏 = 0.90 mm. The single GDRA element design model with above calculated dimensions fed 

by an SIW based longitudinal slot is presented in Figure 7.4a. The simulated gain and S-parameters 
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are provided in Figure 7.4b with the frequency resonance at 60 GHz validating the estimated 

permittivity of 22.4 and the working principle of the GDRAs.  

Figure 7.4b also compares the GDRA element to a conventional DRA of the same height with 

permittivity of 22.4 and dimensions of 1.0×1.0×0.5 mm (l×w×h).  The return loss (𝑆11) of the 

matched classical DRA is very narrow band, while the GDRA provides a 10-dB impedance 

bandwidth of 4.6 GHz. This demonstrates the superior performance of the GDRA over the 

conventional DRA for low-profile and wideband mm-wave applications. An E-field plot of the 

GDRA element (Figure 7.4c) resembles a magnetic dipole-like pattern, where the red areas 

indicate local high electric flux density regions for producing a large effective permittivity. 

Moreover, Figure 7.4b shows a simulated peak realized gain of 7.9 dBi, with radiation efficiency 

of 95% (shown later in Figure 7.20), demonstrating the excellent radiation characteristics of the 

GDRA element.  

 

Figure 7.4a Simulated model for single GDRA element fed by SIW based longitudinal slot plus 

slot placement in an SIW channel for max- E field coupling © 2019 IEEE. Reprinted with 

permission. 
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Figure 7.4b Electric field intensity inside GDRA © 2019 IEEE. Reprinted with permission. 

 

Figure 7.4c Simulated S-parameters and gain plot for single longitudinal slot fed GDRA element 

© 2019 IEEE. Reprinted with permission. 

Table 7.2   1×4, 1×8 element GDRA subarray design parameters 

Parameters Value Parameters Value 

SIW width 2.3mm vias pitch 0.5mm 

via_rad 0.15mm slot-length 1 mm 

slot-width 0.3mm slot-gap 2.2mm 

Tx-w 0.6mm slot position 1.05mm 
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7.3. Subarray Design 

The GDRA subarrays are series fed through non-resonant longitudinal slots entrenched in a 

standing wave SIW channel in a similar manner as described in detailed in Chapter 6.  

Single channel 1×𝑛 element GDRA subarrays are shown in Figure 7.5 for operation in the 

frequency band of 58 to 62 GHz, where 𝑛 = 4 and 8. In both 1×4 and 1×8 subarrays, the key design 

parameters such as PMMA frame thickness, rectangular inclusions size (i.e., length, width, height), 

and inclusion x and y-axis spacing are kept the same as used for the single GDRA element shown 

in Table 7.1 and Table 7.2.  

 

Figure 7.5 Simulation design for a) 1×4 element GDRA subarray; b) 1×8 element GDRA 

subarray  

 

A thin layer of a PMMA, i.e., 200µm is placed between SIW feed and actual GDRA template to 

aid the slot coupling as explained previously. 

The slot offsets are different in both subarrays for conducting a low side lobes study. The slot 

offset for 1×4 subarray with uniform aperture distribution [1] is calculated by using expression 6.1 

and 6.2 as described previously. For 𝜆𝑔 =  4.7 and 𝜆0 = 5𝑚𝑚 in the equation 6.2, 𝑑𝑛 comes out 

to be 0.38 𝑚𝑚. In the 1×4 subarray, the same value of the offset is used for all four slots to provide 

a uniform excitation.  
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For the 1×8 element subarray, the GDRA slot offsets are computed by applying the Taylor 

distribution [2] procedure with a minimum side lobe level (SLL) requirement of -25dB. The design 

equations [3] used for this aperture distribution are listed below: 

 
𝑑𝑛  =

𝑎

𝜋
sin−1

√

𝑔𝑛

(2.09 ×
𝜆𝑔
𝜆0
𝑐𝑜𝑠2(

𝜋𝜆0
2𝜆𝑔

)

 
(7.1) 

 𝑔𝑛 = 
𝑐𝑛

∑ 𝑐𝑛
𝑁
𝑛=1

 (7.2) 

 𝑛 = 1,2… .8; (7.3) 

where 𝑑𝑛 is the slot offset, 𝑐𝑛 is the Taylor amplitude coefficients, 𝑎 is the width of the SIW, and  

𝑁 is the number of the slots. The computed slot offsets are provided in Table 7.3, which are further 

scaled to improve the impedance bandwidth and gain of the 1×8 GDRA array at the expense of 

slightly higher side lobe levels, i.e., -18 dB. It is observed that both impedance bandwidth and gain 

are improved by increasing the number of GDRA elements fed through the coupling slots. For a 

4-element GDRA subarray an impedance bandwidth of 5 GHz (i.e., from 58 to 63 GHz) with a 

peak gain of 10.8 dBi and the radiation efficiency of more than 85% is achieved across the 

frequency band. Whereas for the 8-element GDRA subarray, a 10-dB impedance bandwidth of 5.5 

GHz from 57 to 62.5 GHz and a peak broadside gain of 13.53 dBi is achieved. The simulated 

results for both subarrays are provided in Figure 7.6. Moreover, both SIW fed GDRA subarrays 

are terminated in a short circuit, i.e., at a quarter wavelength away from the center of the last slot 

to avoid any impedance disturbance and to excite each GDRA at the peak of the standing wave in 

the SIW channel [4]. For both subarrays, the impedance bandwidth is wide enough covering the 

entire 7 GHz ISM band at 60 GHz. These subarrays results are next used to demonstrate two-

dimensional (2D) antenna arrays: i) 4×4 element GDRA array; and ii) 8×8 element GDRA array.  
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a) 

 
b) 

Figure 7.6 a) Simulated S-parameters for 1×4 and 1×8 GDRA subarrays; b) Simulated realized 

gain and radiation efficiency for 1×4 and 1×8 GDRA arrays 
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Table 7.3  Computed slot displacement for -25dB SLL Taylor excitation coefficients 

𝑐𝑛 𝑑𝑛(𝑚𝑚) 
Improved 𝑑𝑛 (mm) 

0.423 0.3059     0.823 

0.5929 0.3814     0.7102     

0.8343 0.4594     0.8593     

1 0.5014     0.9407     

1 0.5014     0.9407     

0.8343 0.4594     0.8593     

0.5929 0.3814     0.7102     

0.423 0.3059 0.458 

 

7.4. SIW Power Dividers 

The SIW power distribution network required here is very similar in concept to that presented in 

Chapter 4, though scaled for 60 GHz. The main difference here is the rounded corners and SIW 

wall vias adjustment at the microstrip line to SIW transition which improve the S-parameters 

performance at 60 GHz.  

7.4.1. 1×4 Power Divider 

A two-stage conventional T-power splitter made through SIW technology is shown in Figure 7.7a. 

A metallic via acting as an inductive post [5] is normally required at the right-angle corner of each 

stage of T-splitter for impedance matching. However, in this case, it is observed that these 

inductive posts cause an additional signal dispersion when added at the output stage of the splitter. 

Therefore, no inductive posts are used at the splitter output stage right angle corners as shown in 

phase-3 of Figure 7.7a.  

The right-angle bends of the T-splitter are replaced with the rounded corners to help the fluid signal 

propagation and minimize the reflections arising from the sharp discontinuity. Moreover, it is 

observed that the SIW width shown by the variable “𝑎𝑚” in phase-3 is found to have a substantial 

impact on the return loss of 1×4 power splitter. A slight increase in the width improves the return 

loss up to -10 dB by enhancing mode matching between the TEM waveguide and TE SIW. Figure 

7.7b depicts the simulated S-parameters response for the different design phases of the 1×4 power 

splitter. A10-dB impedance bandwidth of 10 GHz centered at 60 GHz is achieved with phase and 
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amplitude imbalance of 0.02dB and 0.2o (shown in Figure 7.7c). In summary, the proposed 1×4 

SIW power divider has 3 design phases: 1) designing a power divider with 90-degree bends and 

with output inductive posts; 2) integrating curved bends and removing output corner inductive 

posts for reducing the corner reflections and phase compensation; and 3) using mode matching for 

enhancing the impedance bandwidth and improving return loss. All three design phases are 

illustrated in Figure 7.7a. 

 

a) 

 

b) 

Figure 7.7 a) Simulated design model for 1×4 SIW power splitter; b) Simulated S-parameters for 

3-different design phases of 1×4 SIW power splitter 
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Figure 7.7c Simulated amplitude and phase imbalance for the 1×4 power splitter 

7.4.2. 1×8 Power Divider 

Figure 7.8 demonstrates the design geometry for a 3-stage, 1×8 equal SIW power splitter, which 

is symmetrical around the centerline.  

 
 

Figure 7.8 Simulated design model for 1×8 SIW power splitter 
 

The same design strategy as discussed in Section 7.4.1 is employed for building this design. The 

simulated S-parameters presented in Figure 7.9a show that all three design stages of the divider 

have good impedance matching characteristics and wideband performance. The detailed values of 
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all optimized parameters are listed in Table 7.4. Figure 7.9b shows the output response of the final 

1×8 SIW feeding network with an impedance bandwidth of 8 GHz from 57 GHz to 64 GHz within 

𝑆11≤ -15 dB. Secondly, it also illustrates the improvement in the return loss with and without mode 

matching as discussed in Section 7.4.1. An amplitude and phase imbalance of ± 0.7 dB and ± 2.2o 

is achieved for the current design as shown in Figure 7.9c. Moreover, an average insertion loss of 

-10dB (i.e., 0.315 in linear) is realized from an input to the output port, which validates the low 

loss characteristic of the SIW.  

 

 

a) 

 

b) 

Figure 7.9 a) Simulated S-parameters for different design stages of 1×8 SIW power splitter; b) 

Simulated S-parameters for 1×8 SIW power splitter; 
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Figure 7.9c Simulated amplitude and phase imbalance for 1×8 the power splitter 

TABLE 7.4  1×4 AND 1×8 SIW POWER SPLITTER DESIGN PARAMETERS (MM) 

1×4 SIW power splitter 

𝑖(𝑥1𝑦1) 1.125; 0.90 𝑦𝑃1 1.10 

𝑎𝑚 2.60 𝑎𝑠𝑖𝑤 2.30 

𝑆_𝑙𝑔 18.1 𝑆_𝑤𝑑 14 

1×8 SIW power splitter 

𝑖(𝑥1, 𝑦1) 1.025; 0.82 𝑖(𝑥2, 𝑦2) 1.025; 0.85 

𝑦𝑃1 0.90 𝑦𝑃2 0.85 

𝑆_𝑙𝑔 23.4 𝑆_𝑤𝑑 23.1 

 

7.5. Array Design 

Based on the subarray configurations discussed in Section 7.3, two GDRA arrays with wide 

impedance bandwidth and high gain performance are demonstrated in this Section.  

7.5.1. 4×4-Element SIW Fed GDRA Array 

The design geometry of the 4×4 GDRA array is provided in Figure 7.10. A 1×4 equal SIW power 

splitter presented in Section 7.4.1 is utilized for feeding this array. The impedance bandwidth of 

the array is dependent on both subarray and power splitter performance. Therefore, both are tuned 

separately for the best performance before their integration. The final tuning is made by adjusting 

the SIW-power splitter inductive posts 𝑖(𝑥𝑖𝑦𝑗)  to remove the mutual interference between two 
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design segments [6]. A microstrip line with tapered transformer is used for launching the signal 

into the SIW based power splitter. All design parameters for the 4×4 GDRA array are provided in 

Table 7.2. Additionally, uniform aperture distribution is utilized for computing the slot offsets.  A 

simulated 10-dB input impedance bandwidth of 5.5 GHz from 57 to 62.5 GHz and maximum 

simulated realized gain of 16.1 dBi is achieved as shown in Figure 7.11 and Figure 7.13 

respectively. Furthermore, an average simulated radiation efficiency of 82% is achieved across the 

design bandwidth as illustrated in Figure 7.20. 

 

Figure 7.10 Exploded design model of 4×4 GDRA array © 2019 IEEE. Reprinted with permission. 

 

Figure 7.11 Simulated S-parameters for 4×4 and 8×8 GDRA array 

7.5.2. 8×8-Element SIW Fed GDRA Array 

The design model of the 8×8 GDRA array structure is presented in Figure 7.12, showing the 1×8 

power splitter and 1×8 GDRA subarrays comprising the monolithic 8×8 array layer. All GDRA 
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array elements are fed through longitudinal slots patterned on the top surface conductor of the SIW 

feeding network. In this design, a Taylor aperture distribution is used with the slot offset (𝑑𝑛) 

values shown in Table 7.3. The first slot y-axis offset i.e., 𝑦𝑜𝑓𝑓𝑠𝑒𝑡 as shown in Figure 7.12 and 

SIW power splitter inductive posts offsets 𝑖(𝑥𝑖 , 𝑦𝑗)  are the critical parameters for tuning the array 

performance. The simulated S-parameters, gain, radiation patterns, and radiation efficiency are 

provided in Figure 7.11, Figure 7.13, Figure 7.19 and Figure 7.20. A bandwidth of 3.7 GHz from 

58.5 to 62.2 GHz is observed with maximum broadside gain of 20.1 dBi and an average radiation 

efficiency of 77%. The simulated H-plane side-lobe levels are below -22dB as shown in Figure 

7.19c, close to the expected -25 dB from Taylor distribution and confirming the slot offset design. 

 

Figure 7.12 Design model for 8×8 GDRA array © 2019 IEEE. Reprinted with permission. 

 
Figure 7.13 Simulated and measured realized gain for 4×4 and 8×8 GDRA array © 2019 IEEE. 

Reprinted with permission. 
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Figure 7.14 Simulated and measured S-parameters comparison for 4×4 and 8×8 fed GDRA array 

prototypes (S=Simulated; M=Measured) © 2019 IEEE. Reprinted with permission. 

7.6. Fabrication and Measurement  

The solid template frame GDRA layers with embedded metal inclusions are fabricated using deep 

X-ray lithography with metal electroplating, as described in Chapter 5. High quality, tall 

rectangular cavities with lateral dimensions of 100 m× 200 m are exposed and developed in a 

500 m thick polymethyl methacrylate (PMMA) layer bonded to a sacrificial silicon wafer. Figure 

7.15 provides an SEM image of the exposed PMMA template showing one of the GDRA elements 

of a sample array, and the deep cavities for electroplated metal inclusions. The figure also 

demonstrates the high-quality smooth and vertical side walls typical of deep X-ray lithography. 

These cavities are then electroplated in nickel up to 300 m using electroforming. Figure 7.1 shows 

different GDRA array layers released after dissolving the silicon wafer in a KOH solution. In each 

array layer, small markers are placed at the corners for the microscopic alignment with the 

underlying feed layer. 

Complete assembled fabricated prototypes are shown in Figure 7.16. GDRA array layers are 

aligned under a microscope and bonded to the feed layers for measurement. Figure 7.14 depicts 

the comparison between the simulated and measured return loss of the GDRA arrays from 56 GHz 

to 64 GHz, which are summarized in Table 7.5. Measured impedance bandwidths of 10.4% and 

12.0% are realized for 4×4 and 8×8 GDRA array prototypes using R&S vector network analyzer 

ZVA 67 having operating frequency range of 10 MHz to 67 GHz. Figure 7.14 also shows the return 
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loss for the feed layer alone without the GDRA layer, confirming that the SIW-based longitudinal 

slots are non-resonant. 

 Table 7.5  Measured vs. Simulated  𝑆11(dB) results comparison 

𝐷𝑒𝑠𝑖𝑔𝑛 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 

S11≤-10dB (GHz) 

 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

S11≤-10dB (GHz) 

4×4 GDRA array  57.0 to 62.5  56.5-63.0 

8×8 GDRA array 58.5 to 62.2  55.0-62.0 

 

 

Figure 7.15 a) SEM image of the exposed PMMA demonstrating the side wall and structure quality 

© 2019 IEEE. Reprinted with permission. 

 

Figure 7.16 Fabricated prototypes for 4×4, and 8×8 GDRA arrays © 2019 IEEE. Reprinted with 

permission. 
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The simulated and measured normalized radiation patterns for 4×4 and 8×8 GDRA array 

prototypes at 60 GHz in both E-plane and H-plane are provided in Figure 7.17, Figure 7.18 and 

Figure 7.19. The measured realized gain shown in Figure 7.13 is stable over the broadband 

impedance bandwidth, with  peak values of 15.2 dBi for the 4×4 array and 19.4 dBi for the 8×8 

array. Discrepancies between the simulated and measured gains are mainly due to launch mismatch 

losses and the air-gap variations between the array and feed layers affecting coupling, which are 

somewhat sensitive and difficult to control and model at 60 GHz. Figure 7.19d shows the sidelobe 

levels of -20dB for 8×8 GDRA array, which are quite close to simulated levels of -22dB. Both 

arrays have excellent polarization properties, with cross polarization below -20dB. Moreover, the 

measured radiation efficiency determined by comparing the realized gain and directivity ratio is 

also provided in Figure 20. The measured radiation efficiency of 73% achieved for the 4×4 GDRA 

array, is less than the simulated efficiency of 82%, but still respectable given the additional losses 

in the launch and large feed structure which make characterization of the GDRA layer performance 

at 60 GHz difficult. With further refinement in the feed network, the potential for the GDRA array 

as a high efficiency antenna at 60 GHz is promising, considering the efficiency of the SIW slot-

fed GDRA element can approach 95% (shown in Figure 20). 

 

 

Figure 7.17 Simulated E-plane co/cross pol plots for 4×4 GDRA array 
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a) Measured E-plane co/cross pol plots for 4×4 GDRA array 

 
b) Simulated H-plane co/cross pol plots for 4×4 GDRA array 

 
c) Measured H-plane co/cross pol plots for 4×4 GDRA array 

Figure 7.18 Simulated and measured radiation pattern for 4×4 GDRA arrays 
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a) Simulated E-plane co/cross pol plots for 8×8 GDRA array 

 
b) Measured E- plane co/cross pol plots for 8×8 GDRA array 

 
c) Simulated H- plane co/cross pol plots for 8×8 GDRA array 

 
d) Measured H- plane co/cross pol plots for 8×8 GDRA array 

Figure 7.19 Simulated and measured radiation pattern for 8×8 GDRA arrays 
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Figure 7.20 Simulated and measured radiation efficiency for 4×4 and 8×8 GDRA array (**S-G= 

Simulated gain; M-G= Measured gain © 2019 IEEE. Reprinted with permission. 

7.7. Strip Template Frame GDRA Array 

The monolithic solid template frame approach allows GDRA assembly in large arrays in a simple 

monolithic layer reasonable bandwidth and gain performance. However, this can be further 

improved by using a strip template frame approach as discussed in Chapter 5, which helps in 

lowering the inter-element mutual coupling between the adjacent elements or energy carried 

through the template frame, by removing portion of the template layer. But this is only an example 

cut out frame pattern to disrupting the fields between the adjacent GDRAs, other pattern might 

produce different results. A fabricated sample of 4-element strip frame GDRA array is tested for 

an impedance bandwidth and radiation pattern performance. A wide impedance bandwidth of 5 

GHz from 58 GHz to 63 GHz and broadside radiation pattern with a peak gain of 10.8 dBi is 

achieved.  

7.7.1. Design Concept  

The simulated design model for a 4-element strip template frame GDRA array is shown in Figure 

7.21. Most of the design parameters are similar to those described for solid template frame GDRA 

arrays in Section 7.2. 
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Figure 7.21 Design model of a 4-element strip template frame GDRA array 

7.7.2. 4-Element Strip Template Frame and Solid Template frame GDRA Array 

Comparison 

The exploded view of 4-element template frame GDRA array fed by SIW feeding mechanism is 

shown in Figure 7.22. The critical SIW and slot feeding design parameters are the same as used in 

Section 7.2.2. In comparison to the solid template frame approach, the strip template frame 

approach provides better permittivity contrast between adjacent GDRA elements as a result less 

amount of energy flow between them. A similar effect is also demonstrated in Section 6.2.1.3 

which showed increased mutual coupling for high permittivity solid template frame approach. For 

visualizing the mutual coupling [7], [8] effect between the GDRA array adjacent elements for both 

solid template frame and strip template frame cases, the simulated E-field patterns in the template 

frames are provided in Figure 7.23. This reduced mutual coupling between the GDRA array 

adjacent elements improves the impedance bandwidth, gain and radiation efficiency of the GDRA 

array. These are illustrated by the simulated S-parameters, gain and radiation efficiency 

comparison for both strip template frame and solid template frame approaches as provided in 

Figure 7.24, Figure 7.25, and Figure 7.26 respectively. Moreover, a performance comparison 

between the simulation results for solid template frame and strip template frame is summarized in 
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Table 7.6. It is observed that the solid template frame approach results in a slight lowering of the 

resonant frequency and the reason for this effect is that the solid template frame approach increases 

the overall effective volume of the GDRA. i.e., large template areas in GDRA surroundings.   

 

Figure 7.22 Exploded design model of SIW fed 1×4 element strip template frame GDRA array 

                                

                                                a)                                       b) 

Figure 7.23 Simulated E-field coupling comparison for a) strip frame; b) solid template frame 

GDRA array 
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Figure 7.24 Simulated S-parameters comparison for strip frame and solid template frame GDRA 

array 

 

Figure 7.25 Simulated gain comparison for strip frame and solid template frame GDRA array 
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Figure 7.26 Simulated radiation efficiency comparison for strip frame and solid template frame 

GDRA array 

Table 7.6  Simulation results comparison for GDRA strip template frame approach and solid 

template frame approach 

Performance parameters 4 element strip template frame 

GDRA array 

4 element solid template 

frame GDRA array 

Impedance bandwidth (GHz) 6.3 5.35 

Max. gain  11.5 11 

Max. radiation efficiency 92% 88% 

 

7.7.3. Fabrication and Measurement 

A complete description for the fabrication of 4-element strip template frame GDRA array is 

presented in Chapter 5. For antenna performance, a 4-element GDRA array template is excited 

through a longitudinal coupling slot placed in substrate integrated waveguide (SIW). The SIW 

feed circuit is built through standard printed circuit board (PCB) technology on Rogers CLTE-XT 

substrate with relative permittivity of 2.95 and the thickness of 0.254mm. Figure 7.27 shows the 

4-element strip template frame GDRA array integrated with SIW feed circuit.  

A measured frequency response of the selected GDRA array is illustrated in Figure 7.28. The 

return loss for slot only case (feedline without the GDRA array) is found close to -5 dB, which 

confirms the non-resonance behavior of the SIW feed slots. In contrast, for slot loaded GDRA 

array, an impedance bandwidth of 5 GHz is realized below -10dB from 58 GHz  63 GHz, proving 

the fact that radiation is explicitly coming from the GDRA array template. 
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Finally, the radiation performance of the 4-element GDRAs array is characterized by using NSI-

spherical measurement system. A maximum broadside far-field gain of 10.9 dB as shown in Figure 

7.29 is observed at 60 GHz. The slight variation in the simulated and measured gain values may 

be due to reduced coupling energy from the slot to GDRAs array template because of a small air 

gap introduced by the silicone adhesive. The E-Co and H-Co-plane plot provided in Figure 7.30. 

confirms the directive array patterns. Moreover, the E-Cross and H-Cross pol are found below -20 

dB which endorse the good polarization property of the designed GDRA array. 

 
Figure 7.27 SIW fed 4-element strip template frame GDRA array prototype  

 

Figure 7.28 Simulated and measured return loss for 4-element strip template frame GDRA array 

(*S.= Simulated; M.= measured) 
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Figure 7.29 Simulated and measured gain plot for 4-element strip template frame GDRA array 

(*Sim. =Simulated; Meas.= measured) 

 

 

Figure 7.30 Measured radiation pattern for 4-elements GDRA array sample 
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7.8. Conclusion 

Two different GDRA arrays approaches excited through SIW signal distribution and longitudinal 

slot feeding have been demonstrated with large impedance bandwidth and high gain at 60 GHz. In 

the first design approach, low-loss broadband T-power splitters with swept corners are interfaced 

to the 4×4 and 8×8 solid template frame GDRA array layers through slot feeding and have resulted 

in a wide-band and an efficient high-gain mm-wave antennas (i.e., with measured radiation 

efficiency of 73%). Measurements of the 4×4 and 8×8 solid template frame GDRA arrays confirm 

large peak broadside gains of 15.2 dBi and 19.4 dBi, respectively. Broadband measured impedance 

bandwidths in the range of 10%, 12% are readily obtained, as are stable radiation patterns with 

low side-lobe levels and low cross-polarization.  

For the second design approach, a 4-element strip template frame GDRA array integrated with an 

SIW feed network is designed and compared with the solid template frame GDRA array. A strip 

template frame GDRA design is found to have superior impedance bandwidth, gain and radiation 

efficiency due to reduced mutual coupling between the array adjacent elements. A fabricated 

sample of 4-element strip template frame GDRA fed by SIW feed mechanism has demonstrated a 

wide impedance bandwidth of 5 GHz from 58 GHz to 63 GHz and broadside radiation pattern with 

a peak gain of 10.9 dBi. 
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Chapter 8 : Conclusion and Future Directions 
 

Mobile communication is one of the major technological innovations in the era of modern history. 

The increasing popularity of the smartphones and other mobile computing devices has made 

mobile communications indispensable for 5 billion people. The unprecedented growth of mobile 

data has been continuously pushing wireless communication systems towards mm-wave 

frequencies for improved air-interference capacity and wideband frequency operation. Unused 

wideband frequency spectrums available at 28 GHz and 60 GHz are the potential wireless channel 

for future broadband wireless systems such as HD video, mm-wave imaging, 5G cellular phones, 

autonomous cars, and the IEEE 802.11ad Wi-Gig technology as the sub 6 GHz is highly congested 

by current wireless applications.  

Antennas are an essential front-end component in mm-wave communication systems and typically 

a bottleneck to realizing effective consumer devices requiring high performance, compact size and 

low-cost materials. Conventional printed metal antennas such patch antennas are not as viable at 

mm-wave frequencies due to reduced radiation efficiency caused by high conductor and radiation 

losses. Secondly their narrow impedance bandwidth makes them undesirable for future emerging 

broadband applications.  

Considering the above limitations, alternatives for designing high performance mm-wave antennas 

are required. One approach to address these issues is to develop mm-wave antennas using artificial 

metal gridded dielectrics, that can provide high radiation efficiency and gain in a low-profile 

device.  Accomplishing similar performance in high permittivity ceramic devices is difficult for 

large and complicated arrays due to a lack of a viable batch fabrication process. Therefore, the 

GDRA antennas could be a potential candidate for the future mm-wave applications. 

8.1. Thesis Summary 

This thesis develops innovative artificial grid dielectric resonator antennas (GDRAs) and GDRA 

arrays for mm-wave applications using DXRL.  

Several solutions to improve the previously explored GDRAs performance are proposed. These 

include the implementation of a multi-layer GDRA integrated with coplanar feedlines to enhance 

the energy coupling and feed versatility. A detailed discussion of two different types of CPW 

techniques successfully integrated with the GDRA elements with wide impedance bandwidth and 
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high gain performance is provided. A new monolithic single element solid template frame GDRA 

element with rectangular inclusions is designed and investigated. This structural approach 

improves the performance of the previous GDRA element in term of increased effective 

permittivity, while making them feasible for incorporation in large GDRA arrays. 

Effective feeding of the GDRA arrays is an important aspect of the thesis. A complete design 

procedure for building 4-port and 8-port SIW power splitters at 24 GHz and 60 GHz along with 

in-depth simulation analysis involved is provided.  

A fabrication procedure for building two different GDRA array layers using deep X-ray 

lithography (DXRL) is presented. Different design stages from X-ray mask fabrication, exposing 

thick PMMA templates, sample development and electroforming and the challenges encountered 

during these stages are discussed in detail. The resulting devices/antenna structures are examined 

under an optical microscope and scanning electron microscope (SEM). 

A novel approach for constructing monolithic solid template frame GDRA arrays is provided. A 

PMMA based solid template frame is used to develop monolithic single channel series fed GDRA 

arrays at 32 GHz. All GDRA arrays are fed by longitudinal slots placed in the SIW channels. 

Complete design and analysis with in-depth parametric study is provided.  

The concept of the single-channel series feed monolithic GDRA sub-array is further extended to 

multi-channel 2D 4×4 and 8×8 GDRA arrays at 60 GHz. In this case, 1×4, and 1×8 element series 

fed GDRA subarrays are integrated with 4-port and 8-port SIW power splitters for realizing 4×4 

and 8×8 GDRAs arrays. Additionally, the design performance of two different 1×4 GDRA array 

approaches with solid template frame layer and with the strip template frame layer is compared. 

For all fabricated devices simulated, and measured results are illustrated and compared. 

8.2. Conclusion and Contributions 

The scope of this Ph.D. dissertation is focused on studying novel grid dielectric resonator antennas 

(GDRAs) as a single element as well as for a large scale 2-dimensional antenna arrays for 

millimeter-wave applications using different planar feeding techniques. The salient features of the 

research conducted under this thesis are listed below: 
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1) Enhancing the performance parameters and feed versatility of the previously explored 

single element GDRAs for wideband and high gain applications. Feed techniques other 

than microstrip line such as GCPW, CPW, and SIW are successfully developed and tested.  

2) Developing a wideband SIW based eight-way power splitter for mm-wave applications. 

In-depth parametric analysis of different design stages such as T-splitters and Y-splitters 

along with their design variables and their relations based on guided wavelength is 

provided. The proposed design offers an impedance bandwidth of 3.4 GHz from 23.0 GHz 

to 26.4 GHz with 15dB return loss and phase and amplitude imbalance of ± 2.5𝑜 and ± 0.8 

dB respectively. 

3) The GDRAs with rectangular grid structures are successfully developed in comparison to 

previously investigated I-beam inclusions. This new design approach has reduced the 

structural complexity and has enhanced the effective permittivity of the PMMA up to 22.4 

by creating higher electric flux density regions. 

4) For the first time GDRAs involving complete DXRL procedure with two different 

approaches are developed at SyLMAND. The difference in two approaches is the removing 

of the PMMA polymer plastic in-between the adjacent elements of GDRA array in second 

approach to provide high permittivity contrast between the GDRA array adjacent elements 

to lower the energy coupling through the template frame and hence improving the overall 

performance of the GDRA array in comparison to the solid template frame approach. 

5) A solid PMMA template approach is developed to implement the integration of the GDRA 

elements into the antenna arrays. The proposed design procedure has helped to mitigate the 

problem of GDRAs alignment over the feed networks especially for large 2-dimensional 

antenna arrays. 

6)  1×4, and 1×8 element series fed GDRA arrays with solid template frames are developed 

at 32 GHz. A detailed design description of the different aspects of the GDRA array layer 

including the effect of the frame thickness, the effect of the frame permittivity, the effect 

of the mutual coupling, the effect of inclusions height and their excitation and integration 

with SIW feeding mechanism is provided. The measured impedance bandwidth of 29-34.5 

GHz with broadside gain of 11.9 dBi is achieved at 33GHz. 

7) 60 GHz 2D SIW fed 4×4, and 8×8 element monolithic GDRA arrays are designed and 

fabricated. Effective permittivity of 22.4 is achieved by embedding thin rectangular micro-
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inclusions in a low permittivity polymer PMMA. A measured impedance bandwidth of 5.5 

GHz from 56.5 to 62 GHz and 7 GHz from 55 GHz to 62 GHz is realized for 4×4 and 8×8 

GDRA array. Additionally, both GDRA arrays have stable radiation pattern with broadside 

gain of 15dBi and 19.8dBi respectively.  

This research has demonstrated the potential of GDRAs as a low-profile, high permittivity high 

performance resonator antenna, which could be very attractive for future compact millimeter-

wave antennas. A solid monolithic template frame approach allows easy and precise assembly 

of large 2D planar GDRA arrays. The tiny embedded grid structures have allowed the 

successful excitation of the comparatively low profile GDRA design which is not realizable in 

similar size conventional DRAs. Moreover, the proposed single element high permittivity 

GDRA design which is the fundamental building element for large planar GDRA arrays has 

outperformed the similar size high permittivity conventional DRA design in both the 

percentage bandwidth and the directivity. The major contributions of the work are the low 

profile, multilayer GDRA concept, a monolithic template frame approach which is scalable for 

large GDRA arrays and SIW feed incorporation with GDRAs at 32 GHz and 60 GHz. All these 

contributions are recognized in IEEE Transactions on Antennas and Propagation (“Low profile 

artificial grid dielectric resonator antenna arrays for mm-wave applications”, vol. 67, no. 07, 

2019) and IEEE Antennas and Wireless Propagation Letters (60 GHz Substrate Integrated 

Waveguide Fed Monolithic Grid Dielectric Resonator Antenna Arrays, 2019). 

8.3. Future Work 

Following are the recommendation for the further enhancement and development of grid dielectric 

resonator antennas (GDRAs). 

1) Currently, the cost of designing GDRAs are high due to the direct X-ray lithography 

process. Other alternatives are required to be studied to lower the design cost of the 

GDRAs. For instance, one approach is to build certain type of GDRAs made up of SU-8 

polymer template using UV-lithography. This could be advantageous in term of building 

much thicker and higher aspect ratios structures with small exposure dose as the SU-8 

negative tone resist is 2000 times more sensitive than the PMMA positive tone resist. 

Secondly, the SU-8 resist has a permittivity value of 3.5 which is 1.4 times larger than the 

PMMA resist i.e. 2.5, and this may also further increase the effective permittivity of the 
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GDRAs. Another approach is to use XRL to fabricate master tooling for low-cost polymer 

replication. 

2) The higher order mode characterization in the GDRAs is complicated and still requires 

further study which could be very useful in controlling impedance and pattern bandwidth 

of the low profile GDRAs. 

3) The concept presented of low profile GDRAs, i.e. 0.5mm can be further extended to thin-

film GDRAs which could be very attractive for Antenna on chips (AoC) and Antenna in 

the package (AiP) applications. Secondly, they could be directly fabricated by using UV 

laser lithography only.   

4) Until now most of the grid structures embedded in the GDRAs i.e., I-beam or rectangular 

grids are meant to enhance the electric response or effective permittivity of the GDRAs. 

However, one other approach is to use ring types structures to produce rotational currents 

and to see the effect on the effective permeability of the GDRA. 

 

 

 

 

 

 


