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ABSTRACT 

 

Performance Improvement of Dense Dielectric Patch Antenna using Partially Reflective 

Surfaces 

  

 

Muftah Mohamed Asaadi, Ph.D.  

Concordia University, 2019 

 

Recently, millimeter-wave (MMW) band is being considered as the spectrum for future wireless 

communication systems. Several advantages are achieved by utilizing the millimeter-wave range, 

including high gain with large available bandwidth, compact size, and high security. Nevertheless, 

attenuation loss may restrict wireless communication systems’ transmission range. Meanwhile, 

printed antenna technology has gained the attention of antenna designers’ due to its low profile 

and ease of fabrication. High-gain antennas are very desirable as a critical part of MMW systems. 

Designing millimeter wave antennas with high gain characteristics would be a significant 

advantage due to their high sensitivity to atmospheric absorption losses. Moreover, planar 

configurations are required in many applications, such as for wireless communication. 

      The main goal of this thesis is to design and propose state of the art designs of Fabry Pérot 

Cavity antenna (FPCA) designs with several types of superstrates to achieve high gain, wide 

bandwidth, and high efficiency to satisfy the requirements of today’s advanced wireless 

communication systems. A dense dielectric patch (DD) antenna is used as the main radiator and 

designed to operate at 28 GHz. The thesis presents several contributions related to the design and 

analysis of FPC antennas using several types of superstrates.  

    The first research theme of this thesis has two parts. The first part presents a holey dielectric 

superstrate applied over a 2×2 dense dielectric square patch antenna array to enhance the gain, 

improve the bandwidth and efficiency, as well as to reduce the side lobe levels (SLLs). A dense 

dielectric patch replaces the metallic patch and is used as a radiated element. The measured results 

show a high gain of 16 dBi, with radiation efficiency of about 93 %, wide bandwidth of 15.3 %, 

and a reduced SLL. The second part focusses on a partially reflective surface (PRS) unit cell 
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composed of two thin perforated dielectric slabs. The effect of the thicknesses of the unit cell 

dielectric slabs is discussed in detail. An array of the proposed PRS unit cell is applied over a dense 

dielectric square patch antenna array to broaden the bandwidth and to enhance the gain as well.  

The measured results exhibit a 3 dB gain bandwidth of 27 % with a high gain of 16.8 dBi.  

     The second research theme presents an effective method to design a tapered superstrate of an 

FPC antenna with a DD patch element. This type of superstrate is designed to correct the phase 

above the superstrate to be almost uniform. The proposed single-layer perforated tapered 

superstrate is constructed by tapering the relative permittivity to be high in the center of the 

superstrate slab and then decrease gradually as it moves towards the edges. This tapered relative 

permittivity is then applied over a single DD patch antenna. The proposed antenna exhibits good 

performance in terms of the antenna gain and bandwidth.  The antenna gain becomes flat and as 

high as 17.6 dBi. The antenna bandwidth is about 16 %, and the side lobe level of the antenna is 

very promising.  

     A third theme presents the implementation and design of a high gain dense dielectric patch 

antenna integrated with a frequency-selective surface (FSS) superstrate. A 7×7-unit cell is used to 

build the superstrate layer, and applied above the high DD patch antenna. A modified unit cell is 

proposed to generate a positive reflection phase with high reflection magnitude within the 

frequency design in order to broaden the antenna bandwidth. A bandwidth of 15.3 % with a high 

gain of 16 dBi is obtained. 

     Finally, a high gain linearly polarized (LP) substrate integrated waveguide (SIW) cavity 

antenna based on a high-order mode is implemented, fabricated, and tested. A TE440 mode is 

excited at 28 GHz. In this design, 4×4 slots are cut into the top metal of the cavity, where each slot 

is placed above each standing wave peak. These slot cuts contributed to a high gain of 16.4 dBi 

and radiation efficiency of about 96 %. The LP SIW cavity antenna was then integrated with a 

linear-to-circular polarization converter developed as a high gain circularly polarized (CP) SIW 

cavity antenna with high gain and high radiation efficiency of 16 dBi and 96 %, respectively. 
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Chapter 1  Introduction 

1.1 Brief Overview of Millimetre Wave (MMW) Communications 

The use of MMW technology in communications goes back several decades and has essentially 

been focused on military applications. The MMW region occupies the range of electromagnetic 

spectrum between 30 GHz and 300 GHz, which corresponds to wavelengths of from 10 mm to 1 

mm [1]. Recent studies suggest that in (the likely) case of future wireless network congestion, 

MMW frequency spectrum in a range from 30 GHz to 300 GHz could be used as a possible solution 

[2]. With the explosive growth of mobile traffic demand, the contradiction between capacity 

requirements and spectrum shortage has become increasingly acute. The bottleneck of wireless 

bandwidth will become a key problem of fifth generation (5G) wireless networks [1]. In addition 

to the millimeter wave frequency range, MMW technology offers highly directional antennas, 

higher bit rates covering larger areas and lower infrastructure costs, all of which will contribute to 

the advancement of the future 5G network [4]. The MMW frequency range allows channel 

bandwidths to be expanded, thereby increasing the data capacity and thus helping to address the 

data overcrowding issue. At this frequency range, it is possible to exploit techniques such as a 

polarization converter, FSS (frequency-selective surfaces), metamaterials, massive MIMO 

(multiple inputs multiple outputs) and adaptive beamforming [5]. Moreover, radio signals have 

propagation characteristics that must be accounted for in the MMW spectrum usage.  

While MMW has many attractive characteristics that make it a good candidate for future wireless 

communications, there are still many challenges, including its high atmospheric attenuation, free 

space loss, and low ability to penetrate hard materials. As a result, MMW signals cannot propagate 

over long distances, even under good weather conditions. In contrast, signals at lower frequencies 

have the ability to propagate for many miles and even penetrate easily through buildings.   

However, rain and humidity can affect signal performance and reduce signal strength. High-

frequency wavelengths can be blocked by physical objects like buildings and trees, and thus 

millimeter waves travel by line of sight because of the short range of the propagating distance. 

There are many applications for MMW technology, such as point to point wireless communication, 

wireless home video, automotive radar, local area networks (LAN), and imaging systems [6]. 
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1.2 Wave Propagation at Millimetre Wave Spectrum 

The propagation mechanics of electromagnetic waves have been studied since 1901. There are 

four mechanisms for the over-the-horizon propagation of signals: diffraction, refraction, reflection 

and the transmission of surface waves. The transmission loss experienced by microwave systems 

is accounted by free space loss and can be calculated as: 

FSLdB = 92.4 + 20log F + 20log R                               (1.1) 

where F is the frequency (GHz) and R is the line-of-sight distance between the transmitting and 

receiving antennas in (Km). Many other influential factors appear  as the frequency increases 

toward the millimeter wave region. The propagation loss is dependent  upon the operating 

frequency at higher frequencies, and so the signal propagation is much slower than at low 

frequencies. Moreover, atmospheric gasses such as water vapor and oxygen, diffraction, and 

blockage by foliage have a significant effect on signal propagation in the MMW spectrum. As 

shown in Fig. 1.1,  intense oxygen absorption effect appears at the millimeter wave spectrum rather 

than at the lower frequencies. Foliage blockage has as much impact as atmospheric gases on the 

propagation of the signal at MMW bands. In terms of rain and snow, signal wavelengths are similar 

to the size of raindrops,  leading to a scattering of the radio frequency signal. This scattering causes 

multipath interference as a result of multiple propagation paths. The reflection and scattering 

essentially increase the path loss with specific attenuation and time delays. Therefore, to 

compensate for all the aforementioned types of losses in future wireless communication, high 

directive antennas with wide bandwidth are strongly recommended[7]. 
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(a) 

 

(b) 

Figure 1.1: Atmospheric (a) and rain (b) attenuation curves for millimeter waves [2]. 

Fig. 1.1 (a) shows that atmospheric losses are much lower at 28 GHz than at 60 GHz, as millimeter 

waves traveling through the atmosphere are absorbed by molecules of oxygen, water vapor, and 

other gases. There is a 0.04 dB/Km to 0.07dB/km atmospheric loss at 28 GHz, which includes 

oxygen, normal water vapor, other gaseous atmospheric constituents and average rain, while in the 

MMW range there are low atmospheric losses in relatively transparent windows centered at 35, 

94, 140 and 220 GHz [2], [8]. 
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1.3 Evolution of Wireless Communication Systems 

Wireless communications began to be developed and deployed in the early 1980’s  with the first 

generation, or 1G. Successive generations were then developed, both to compensate for the 

drawbacks of the former generation and to improve various aspects of wireless communication 

systems, including  bandwidth. The development stages of wireless communication from 1981 to 

today are shown in Fig. 1.2,  beginning with 1G networks which utilized  analog technology for 

voice communication only. The 2G network system turned to digital modulation and Time 

Division Multiple Access (TDMA) or Code Division Multiple Access to offer data services. 3G 

networks,  developed in the 2000’s, provide high speed data transmission for both video and audio 

streaming using W-CDMA and HSPA technologies. The current generation is 4G, which uses LTE 

radio access technology to provide mobile internet access. Finally, the next generation of wireless 

communication, 5G, is planned to begin operation in the next few years [2]. 

 

Figure 1.2: Evolution of wireless communications [9]. 
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1.4 Future wireless communications (5G) 

Given the current and projected use of wireless communications, there will be a high demand for 

next-generation systems. These will be expected to offer broad bandwidth, high speed, and low 

latency. Therefore, researchers and antenna designers are moving to use MMW spectrum as a good 

solution, thanks to its many advantages. The millimeter-wave region has several frequency bands 

that are considered as good candidates for future wireless communications such as 28, 38, 60 GHz 

[10], [11]. 5G wireless communication at 28 GHz and 38 GHz centered frequencies appear to be 

the most promising options in both indoor and outdoor environments [12]. Fig. 1.3 shows the most 

significant targets for future wireless communications. 

 

Figure 1.3: The most significant targets for 5G [13]. 

1.4.1 Why 28 GHz?  

Working at MMW will provide a broad amount of spectrum which means high capacity and high 

data rates. In addition, the size of the antennas will get very small when the wavelengths reach 

millimeter waves [14]. It is not yet clear which MMW bands will be adopted first by 5G 

technologies. The 28 GHz band is a good choice, s supported and motivated by multiple reasons. 

First, the MMW range around 28 GHz is an extensively licensed and underutilized spectrum that 

has been shown to support cellular communications in the range of 500 meters. Second, compared 

to higher frequencies, the 28 GHz band is much more beneficial to multipath environments. In 

addition, it can be used for non-line-of-sight communications [15].  
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1.4.2 Future Wireless Communication Systems (5G) at the Ka-Band 

The MMW band will be a key component in next-generation wireless communication systems 

(5G). MMW makes it possible to exploit additional spectrum to support greater data traffic for 

various multimedia services, such as broadband mobile and backhaul services. Detailed knowledge 

of the channel propagation characteristics in the ka frequency band is playing a crucial role in 

developing 5G wireless communications technology [16].  

The number of mobile device users has been steadily increasing since the early 1980’s, when the 

first-generation mobile communication system, based on analog Frequency Modulation (FM), was 

launched [17]. Over the years, as the development of wireless communication transformed from 

the 1st generation to its 4th generation incarnation, technologies such as Time Division Multiple 

Access (TDMA), High Speed Packet Access (HSPA), Code Division Multiple Access (CDMA), 

Voice Over Internet Protocol (VOIP), and Long-Term Evaluation have continued to evolve with 

each generation. The development of Fifth Generation (5G) communications has been driven by 

the increasing need for high speed reliable communications linked to the desire for significantly 

improved user experience.  It has now been widely accepted that the capacity of 5G wireless 

communication systems should be much larger than the Fourth Generation (4G) Long Term 

Evolution (LTE) [18]. 

Due to the growing number of mobile devices and the increasing demand for better service quality, 

the next generation of mobile networks’ issues are getting more and more attention from 

researchers. Fifth generation (5G) mobile communication networks could provide a flexible, 

reliable, and high-performance network architecture for wireless communication beyond 2020 

[19]. 

By providing more spectra for future MMW cellular systems, future capacity demands could be 

met, while simultaneously incentivizing investments and technological developments that would 

ensure engineering competitiveness. Fig. 1.4 highlights the bands in this region with the highest 

potential 
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Figure 1.4: potential 5G spectrum above 20 GHz [5]. 

1.5  High Gain Antennas in MMW Communications 

High gain antennas are vital components for many communication systems, such as radar, satellite, 

and mobile wireless communication systems. At the MMW spectrum, most of these applications 

suffer from attenuation difficulties. Consequently, MMW applications (5G) will face the 

increasing demands of high gain antennas to compensate for attenuation losses. Therefore, high 

gain antennas are required to overcome the propagation losses, free space losses, atmospheric 

attenuation, and multipath losses of MMW applications [20]. A brief review of dielectric resonator 

antenna (DRA) and Fabry-Perot Cavity (FPC) antennas that could provide high gain at the MMW 

spectrum is presented below.  

1.5.1 Dielectric Resonator Antennas 

Since the late 1980s, dielectric resonators have been investigated as the high Q element in 

microwave-circuit applications. Dielectric resonators are easier to integrate with planar circuits. 

Cylindrically shaped dielectric resonators are widely used, fabricated from materials with 

relatively high dielectric constants (εr ≥ 35) for compactness.  To prevent radiation and to maintain 

a high Q factor, dielectric resonators are also often enclosed in metal cavities, which is especially 

important for filter or oscillator designs. In 1980, Long, McAllister, and Shen studied dielectric 

resonators as radiating elements and tested the characteristics of dielectric resonator antennas 

(DRAs) with hemispherical, cylindrical, and rectangular shapes [21]. Dielectric resonator antennas 
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are utilized for MMW applications as broadside radiating elements because of their attractive 

advantages. The high radiation efficiency of dielectric resonator antennas (DRA) is considered to 

be a significant advantage over microstrip antennas.  

A number of different antenna (DRA) shapes are reported in the literature. The possibility to have 

different dielectric resonator antenna shapes is itself an attractive characteristic, with a cylindrical 

[22], and a cubical [23] shape being possible, depending on the existing size and without affecting 

the radiation pattern characteristics. If the height of a dielectric resonator is significant, it results 

in a non-planar, high profile antenna structure. However, the dielectric resonator antenna can be 

made very thin for applications that need low profile antennas. The dielectric constant can be in 

the range of 80 ≤ εr ≤ 100, and so the height of the DRAs should be between 0.025λο ≤ h ≤ 0.035λο 

[21].  

A new kind of antenna element, the dense dielectric (DD) patch antenna, is introduced in [24]. A 

thin dielectric substrate of high permittivity can be used to replace the metallic patch. This high 

DD patch could be used as an array [25]. Fig. 1.5 shows an example of high dense dielectric patch 

antenna (a), and an array of dense dielectric patch antenna designed at 60 GHz (b). 

 

(a)                                                  (b) 

Figure 1.5: A single DD patch [24] (a), planar DD patch array [25] (b). 

1.6 Fabry Perot Cavity antenna            

High gain antennas can be achieved using different types of antennas, including reflector antennas, 

horn antennas, and antenna arrays. However, their bulk, heavy weight, feeding network losses as 

well as their fabrication complexity make these antennas unsuitable for millimeter wave 

applications [26]. The Fabry-Pérot Cavity (FPC) antenna (See Fig. 1.6) has therefore been 
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investigated to overcome these drawbacks. It consists of a grounded radiated source and a partially-

reflected covered plate. There is a half-wavelength spacing between the main radiator, and the 

covered plate is behind the in-phase forward radiation.  Its maximum high-directivity property can 

be achieved thanks to the multiple reflections between partially reflective surfaces and the ground 

plane [27]. The use of partially reflective surfaces was proposed by Trentini in 1953 when he 

discovered that these surfaces have the ability to enhance the directivity when placed in front of 

the antenna. 

 

Figure 1.6 Schematic diagram of a PRS Fabry Perot Cavity antenna [109]. 

Trentini was the first to investigate the concept of an FPC antenna and proved that the directivity 

of a waveguide aperture in the ground plane could be increased by using several types of partially-

reflective surfaces (PRSs) through the multiple reflections between the ground plane and the PRS. 

In order to achieve constructive interference of the waves bouncing between the PRS and the 

ground, the cavity distance should be a multiple of a half wavelength at the desired operating 

frequency [28]. 

1.6.1 Periodic Structures 

A structure is defined as periodic when it can be designed by an infinite number of the same basic 

unit, called a unit cell, and it can be a 1-D, 2-D or 3-D structure.  Periodic structures are considered 

as the traditional concept in the electromagnetic (EM) field. The periodicity of a structure adds 

some features for the wave propagation within. Frequency selective surfaces (FSSs) are the most 

popular type of periodic structures as shown in Fig. 1.7. An FSS can be used as a frequency filter 

[29] and as a lens [30]. A dielectric superstrate is used to cover the antenna element, which can be 
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a microstrip patch, slot, or a DRA, to enhance the directivity in the broadside direction. Single and 

multiple stacked layers have been used to improve the antenna performance in terms of gain, 

bandwidth, and side lobe levels [31].  

 

                                       (a)                                                                    (b) 

Figure 1.7: Schematic of different periodic stuctures: Jerusalem metal ring (a), and hexagon patch ring (b)  

[32]. 

1.7 Motivation 

Future wireless communication systems or 5G, a new generation of mobile wireless technology, 

has been attracting the attention of many research institutes around the world, as this new 

technology will have the ability to deliver higher data rates of up to 10 Gbps, along with orders of 

magnitude greater capacity and lower latency than today’s wireless systems. Enormous research 

and development have been invested recently in antenna design and optimization that could 

efficiently work in the Ka-band, which is from 26.5 GHz to 40 GHz.  The MMW spectrum is a 

good candidate for 5G wireless communications as it offers the ability to provide access to a wide 

spectrum with small-sized high directive antennas. [33], [34]. 

Fabry-Pérot cavity (FPC) antennas have been widely used, as their attractive advantages include 

their simple configuration and low profile, as well as their ability to provide high gain; this last   

property makes them particularly well-suited to be used in high gain millimeter wave antennas 

[35].  The antenna superstrate, whether it is dielectric or FSS, plays a key role in enhancing gain, 

broadening the bandwidth, and decreasing side lobe levels, which is a simple means compared to 

using arrays for instance. A radiated source, the dense dielectric (DD) patch antenna, was 

introduced as an antenna that uses a dielectric material with very high permittivity to replace the 
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metallic patch of a conventional microstrip antenna. Designing a compact, small MMW antenna 

with excellent characteristics in terms of high gain, bandwidth, efficiency, and radiation patterns 

has become essential in order to compensate for the high attenuation of MMW systems and thereby 

increase the communication distance between the source and the destination. To sum up, since 

MMW applications (the future applications for 5G) need high gain antennas to compensate for the 

attenuation losses, and broad bandwidth to match the high data rates, a combination of a high dense 

dielectric patch as a radiated source and a well-designed superstrate (dielectric or FSS) could be a 

promising approach. Therefore, the significant targets of this work are gain enhancement and 

bandwidth improvement using partially reflective surfaces for either dielectric or FSS superstrates.  

1.8 Objectives   

Wireless communication systems are in high demand for fifth generation (5G) millimeter wave 

(MMW) applications. Some of the most desired characteristics of MMW systems are their low 

profile, high gain, compact size, broad bandwidth, and high efficiency. Highly directional antennas 

are needed to compensate for the signal attenuation that occurs due to the high propagation loss 

caused by atmospheric absorption. Moreover, the high data rates for most MMW applications 

require a wide bandwidth. Therefore, most high frequency applications need to have high gain, 

high efficiency, and wide bandwidth antennas. 

The main purpose of this work is to investigate and develop high dense dielectric patch antennas 

for millimeter wave applications, employing different techniques to meet the future wireless 

communication requirements. The specific objectives are listed in the following points: 

(1) Improving the performance of the Fabry-Pérot cavity (FPC) antenna in terms of gain, 

bandwidth, radiation efficiency, and side lobe levels by utilizing a single layer perforated 

dielectric superstrate and a high dense dielectric patch array as radiated elements.  

(2)  Broadening the FPC antenna bandwidth while maintaining high gain performance using a 

partially reflective surface composite of two thin perforated dielectric slabs. 

(3) Enhancing the antenna gain and improving the side lobe levels by designing a flat tapered 

dielectric superstrate with non-uniform permittivity to correct the phase distribution over 

the superstrate. Also, this tapered superstrate is designed to be used to tilt the antenna beam 

without using a phase shifter. 
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(4)  Improving the gain of the FPC antenna by designing a partially reflective surface FSS 

superstrate, and addressing the limited bandwidth issue of this antenna by expanding the 

3-dB gain bandwidth using a positive reflection phase FSS superstrate. In addition, a simple 

design of linearly and circularly millimeter wave antennas is targeted, employing a linear-

to-circular polarization converter.  

1.9 Thesis Outline 

This thesis is organized into seven chapters including this introduction chapter (chapter 1). 

Chapter 2 provides a literature review and a brief history of the Fabry-Pérotcavity (FPC) antenna, 

as well as different practical applications.  

Two FPC antennas based on partially reflective surfaces’ perforated dielectric superstrates are 

presented in chapter 3. The goal of this chapter is to enhance gain and expand the 3-dB gain 

bandwidth. A discussion about the effects of the permittivity and the thickness of the superstrate 

on the antenna performance is also presented. 

Chapter 4 presents a flat tapered dielectric superstrate designed to correct the phase distribution in 

order to enhance the antenna gain and decrease the side lobe levels. Beam tilting without phase 

shifters is also presented in this chapter. 

Chapter 5 describes a high dense dielectric patch antenna integrated with a frequency selective 

surface (FSS) superstrate, designed to enhance the antenna gain and expand the 3-dB gain 

bandwidth. Two different partially reflective surface unit cells are designed and evaluated. These 

are then applied over the dense patch antenna to achieve the targeted results.  

An example of a circularly polarized millimeter wave antenna is discussed in chapter 6. A simple 

approach is utilized to convert the polarization of the substrate integrated waveguide (SIW) cavity 

antenna from linear to circular polarization while maintaining the high gain characteristic.     

Chapter 7 concludes the thesis and suggests promising future work. 
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Chapter 2  Literature Review 

This section presents a literature review of Fabry-Pérot Cavity (FPC) antenna, its radiated sources 

and its superstrate layer, followed by an overview of un-printed dielectric slabs and frequency 

selective surfaces (FSS). A brief history and background of the FPC antenna and its use with 

several types of superstrates is then presented. 

2.1 FabryPérotCavity Antenna 

Researchers have been motivated to study the Fabry-Pérot Cavity (FPC) antenna for several 

decades thanks to its attractive characteristics. It consists of a grounded radiated source and a 

partially-reflective covered plate. There is a half-wavelength spacing between the main radiator 

and the covered plate behind the in-phase boresight radiation. The first application of an FPC 

structure to enhance the gain of a boresight antenna was in 1956 [28]. More studies were done in 

the late 80s [36, 37], where the dense, quarter wavelength and dielectric sheets replaced the 

partially reflective surface (PRS) while maintaining a half wavelength spacing between the 

radiator source and the superstrate. In [38], many layers of a dielectric sheet were proposed to 

cover the radiated element. Subsequently, the electromagnetic band gap (EBG) was investigated 

and utilized to replace the top reflective superstrate [39, 40].  Researchers determined that 

metamaterial can be designed to provide a high impedance with no reflection coefficient phase 

delay to replace the ground plane in order to decrease the gap distance between the antenna source 

and covered plate [41] and that zero-index metamaterial can be implemented to enhance antenna 

gain [42].  

Fabry Pérot Cavity (FPC) antennas are considered to be good candidates for a wide range of 

applications in microwave and millimeter wave communications because of its planar 

configuration and simple design. Also, it is a potential to avoid using bulky antennas such as horns 

to achieve high gain [43]. This thesis investigates high gain and wide band high dense dielectric 

patch antennas with several superstrates.  Both FPC antennas with different dielectric slab 

superstrates and frequency selective surfaces (FSS) covering the high dense dielectric patch 

antenna are evaluated. 
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2.1.1 FabryPérotCavity Radiated Source 

Since the FPC was first introduced, many types of radiated sources have been used to excite FPC 

antennas. They can be excited by a single source or by multiple sources located inside the 

resonator, such as a microstrip patch [44], a dielectric resonator antenna (DRA) [45], or a slot in 

the ground plane [46]. Recently, a new kind of low-profile patch was used as a radiated element. 

A thin high dense dielectric patch can replace the metallic patch to realize many attractive 

advantages, such as low profile, wideband, high radiation efficiency [24], [47].   

2.1.2 Unprinted Dielectric superstrate 

Superstrates are the significant parameters in designing FPC antennas. They work as a lens to 

enhance the antenna gain and play an important role in obtaining the highest broadside gain. 

Superstrates also have the ability to determine the gain bandwidth of an antenna. Superstrates are 

defined as printed and un-printed dielectric slabs. One of the earlier studies on dielectric layers 

covering an antenna was performed by Y. Sugio et al. at the Setsunan University, Osaka, Japan in 

1983 [48]. Different types of dielectric superstrates covering Fabry Pérot (FP) resonator were 

investigated by Jackson [36], Thevenot [49], and Fangming Zhu et al. [50].  These can be single 

or a number of stacked dielectric slabs and frequency selective surfaces, as in [51].  In an un-

printed dielectric superstrate, the electrical thickness of each slab must be a quarter wavelength in 

order to increase the antenna gain. The permittivity and dielectric slab thickness have to be selected 

appropriately. The antenna gain can be enhanced as the number of superstrate layers is increased. 

The effect of the superstrate on the antenna gain bandwidth cannot be ignored, as the gain 

bandwidth can be increased by using multiple superstrates above the radiating source [52]. 

2.2 Frequency Selective Surfaces (FSSs)  

Frequency Selective Surfaces (FSSs) are planar periodic structures of identical patches or apertures 

of conducting elements that reiterate periodically in a one- or two-dimensional array on a dielectric 

substrate layer. FSSs have many applications in several sectors because of their unique properties, 

leading to their use in reflector antennas, aerospace, medical, and microwave communications 

fields. High performance low-observable antennas are required in strategic areas. These qualities 

can be acquired by combining an FSS structure with a planar antenna, where the FSS can be acting 
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as a superstrate or as the high impedance ground plane of an antenna. Integrating an FSS with an 

antenna enhances both its gain and its bandwidth [53]. 

2.2.1 FSS Background and Applications 

Frequency Selective Surfaces (FSSs) have been known since 1919. [54]. Marconi and Franklin 

investigated and studied a parabolic reflector made using half-wavelength wire sections.  Their 

contribution is considered to be a pioneering   effort in this field [55]. Due to the multiple 

advantages of FSSs that are especially useful for military applications, the use of FSSs has 

increased rapidly since the 1960s [56]. Based on their reflection and transmission coefficients on 

the frequency of operation and polarization, contributing to their usage in a range of applications 

[57]. FSSs have been applied in many areas, such as in dual or metallic radomes [58], phase screens 

for beam steering [59], dual-band arrays [60] and absorbers [61].  

FSSs take different shapes and structures. They can be planar of two dimensional (2-D) periodic 

arrays of metallic elements or apertures.  Even though FSSs can take different shapes, conventional 

FSSs have similar operation mechanisms that can be explained by the phenomenon of resonance. 

When a plane wave is incident to the array of elements on a planar surface, the elements of the 

periodic surface resonate at frequencies where the effective length of the elements is a multiple of 

the resonance length, λ/2 [62]. These elements have a certain phase delay. Therefore, the scattered 

radiation of each single element will add up coherently. Marconi and Franklin's parabolic reflector 

provides such an arrangement of planar elements. The resonance of an FSS is determined based 

on how the FSS surface is exposed to the EM wave. Some FSSs with a particular shape have the 

ability to provide a total reflection, such as a patch FSS; while an aperture FSS can exhibit a total 

transmission at the resonance frequency and act as a Partially Reflective Surface (PRS) at 

frequencies near resonance. 

2.2.2 Types of Frequency Selective Surfaces (FSSs) 

There are many types of FSS elements, each with its unique transmission/reflection characteristics, 

sensitivity to oblique angle of incidence, polarization type, and bandwidth. These are classified 

according to their shape and structure into four groups, as shown in Fig. 2.1 [63-65]. 
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Figure 2.1: Some popular FSS elements, classified into four categories  [64], [65]. 

 

 Modern wireless communication systems need highly directive antennas with a wide operational 

frequency range due to the ever-increasing demand for greater data capacity.  Designing high gain 

and broadband FPC antennas thus remains an important challenge. This thesis investigates, 

develops, and improves the performance of FPC antennas in terms of gain, bandwidth, and 

radiation pattern. 
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2.3 Analytical Model of the Fabry-Pérot Cavity Antenna 

Several analytical models have been used to explore the radiation behavior of Fabry-Pérot Cavity 

(FPC) antennas, including the leaky wave model [66], transmission line model [52], ray-tracing 

approximation [67,28], and the electromagnetic band gap (EBG) defect model [68]. However, 

these models are mathematically complicated. A less-complicated method, based on the periodic 

analysis property and incorporating a superstrate reflection model, was therefore developed and   

investigated [69]. The solutions for electromagnetic fields and waves are key to investigating the 

radiation performance of antennas as well as that of microwave devices and components. Such 

solutions are based on Maxwell’s equations, either in the time or frequency domain, subject to 

proper boundary conditions [26], [70]. Maxwell’s equations are applied under the appropriate 

boundary conditions to obtain a solution [26]. Many commercial software packages such as CST 

MWS, Ansoft HFSS, and FEKO have been investigated and utilized to support the foundations for 

full-wave numerical analysis methods. In this thesis, all of the FPC antenna designs were simulated 

and carried out using the full-wave CST software package. 

 

2.4 High Gain Low Profile of High Dense Dielectric Patch Antenna using a Holey Superstrate 

Wireless communication systems are in high demand for the development of future fifth generation 

(5G) millimeter wave (MMW) applications. Some of their attractive characteristics are especially 

desirable in millimeter wave systems, including low profile, high gain, compact size, broad 

bandwidth, and high efficiency [71]. Highly directional antennas are needed to compensate for the 

signal attenuation due to high propagation loss caused by atmospheric absorption [25]. The high 

data rates for most MMW applications need a wide bandwidth. Most high frequency applications, 

therefore, need high gain, high efficiency, and wider bandwidth.  

Dielectric resonators were investigated in the late 1960s, and have been used as high Q elements 

in microwave circuits such as filters and oscillators. They have been used as dielectric (DR) 

antennas since the 1980s [72]. A new kind of antenna element, the dense dielectric (DD) patch 

antenna, was developed more recently [24]. A thin dielectric substrate of high permittivity is used 

to replace the metallic patch in [73]. As reported in [74], the radiation efficiency of DR antennas 

is generally better than that of microstrip antennas. The FPC antenna is considered as a potential 
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replacement for bulky antennas such as reflectors and horns thanks to its - planar configuration 

and simple design, among its other advantages.  

To design a PRS as an efficient part of an FPC antenna with a strong reflectivity, the PRS 

permittivity should be greater than one, with the relative dielectric permittivity εr>>1, the 

permeability μr>>1 and a large area of 25-36λ0
2. However, this antenna has a narrow band due to 

the highly selective cavity (high Q-factor) [68], [75]. A dielectric superstrate was used with 

different ground plane types which are perfect electric conductors (PECs), perfect magnetic 

conductors (PMCs), and artificial magnetic conductors to produce an FPC antenna. That work 

achieved a directivity of about 15 dBi [76]. Another work applied a conventional superstrate with 

high permittivity εr=10.2 over a 1×4 circular DD patch to improve the antenna performance. 

However, the antenna gain was only about 16 dBi, the 3dB gain bandwidth was 10.7 %, and the 

side lobe level was around -10.9 and -11.6 dB in the E and H planes, respectively [77].  

A U-slotted patch antenna fed a single layer frequency selective surface (FSS) superstrate with 

dissimilar sized square patch was designed for broad bandwidth applications in [78]. However, its 

bandwidth is limited to 7.99 % to 12.2 % with an efficiency of 69.1 %. In [79], an FSS layer is 

applied above a microstrip patch antenna to enhance the antenna gain. The corresponding structure 

is not flat, is bulky and has two air gaps between the layers. A microstrip patch antenna with a 

superstrate layer was designed at 60 GHz to improve the antenna gain [80]. However, it resulted 

in an impedance bandwidth of 6.8 %, and the side lobe levels (SLL) were high.  

Gain enhancement of a microstrip patch antenna using a holey superstrate is reported in [81]. The 

antenna gain is about 6.9 dBi, and the antenna bandwidth is 3.8 %.  Several approaches have been 

investigated to improve antenna bandwidth while maintaining high gain performance. Several 

examples of exploiting partially reflective surfaces (PRSs) with positive phase gradients using 

dielectric superstrates can be found in the literature. Two dielectric substrates with the same 

thickness, a quarter of the dielectric wavelength, were applied above the metallic patch antenna to 

enhance the antenna gain and the bandwidth [82]. However, the antenna gain is not very high, and 

the bandwidth is quite narrow. Another approach applied two dielectric superstrates above a 

waveguide antenna to broaden the antenna bandwidth. However, in that effort, the two dielectric 

superstrates are thick, realizing a 3 dB gain bandwidth of 17.9% [83]. Meanwhile, using three 

dielectric slabs successfully improved antenna performance, achieving a 3 dB gain bandwidth of 
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22% and a peak gain of 18.2 dBi [84]. Another approach improves the antenna bandwidth using 

frequency selective surface (FSS) superstrates, so they do not have to respect the quarter dielectric 

wavelength thickness of the superstrate. The three open cavities formed by three periodic partially 

reflective surfaces (PRSs) applied above a slot fed by a waveguide to enhance the bandwidth. 

However, a 3 dB gain bandwidth of only about 15 % was achieved [85]. In [86], two layers of FSS 

superstrate based on a PRS covered a single slot antenna fed by a ridge gap waveguide in an effort 

to broaden the bandwidth. The composite unit cell was designed to provide a positive reflection 

phase over a particular frequency. However, the 3 dB gain bandwidth is only 12.2 %.  Thicker 

substrates with thicknesses of either λd/4 or λd/2 (where λd is the dielectric wavelength) have been 

used as PRS surfaces to achieve a positive refection phase. However, at some frequencies, these 

thicknesses are not available.   

In this thesis, a holey dielectric superstrate is applied over a 2×2 high dense dielectric square patch 

antenna to enhance the antenna gain, improve bandwidth and efficiency, and to reduce the SLL. 

This antenna is designed to meet several of the MMW applications’ needs in terms of antenna size, 

gain, bandwidth, SLL, and efficiency. The standard metallic patch is replaced by a high dense 

dielectric (DD) patch with a relative permittivity of 82. Aperture feeding technique is used to feed 

2×2 DD patches. A number of uniform circular holes are drilled through a dielectric superstrate 

layer to reduce the permittivity and to improve the antenna impedance bandwidth. This design 

provides higher gain, wider bandwidth, low side lobe level, and high radiation efficiency. 

A simulated design of a thin dual layer PRS to broaden the bandwidth of a high dense dielectric 

patch antenna array is also presented in this thesis. The antenna bandwidth will increase as the 

reflection phase of the PRS superstrate increases with the frequency, and when the phase resembles 

the optimum phase. A PRS unit cell composed of two thin dielectric substrate layers with different 

permittivities and thicknesses is utilized to provide a positive phase gradient over a certain 

frequency band. The PRS is applied over the DD patch antenna array to improve the antenna 

bandwidth. This work shows that the thickness of each slab of the PRS unit cell could be less than 

λd/4, and that the PRS works efficiently to enhance the antenna performance, as will be 

demonstrated later. 
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2.5 Performance Improvement of High Dense Dielectric Patch using a Tapered Superstrate 

Wireless communication systems are in high demand for future fifth generation (5G) millimeter 

wave (MMW) applications. Modern communication systems require compact size and light weight 

with good performance. The need for wide gain bandwidth has been increasing throughout the 

development of wireless device technology. Meeting this growing need for high bandwidth is a 

difficult problem in the low frequency spectrum. Therefore, researchers have begun to investigate 

and exploit the millimeter-wave available around 30 GHz [87]. Moving to the millimeter-wave 

spectrum offers a solution to several 4G issues, including low data rate [88].   

While the bandwidth is a significant feature for future wireless communications, the antenna gain 

is also very important. Due to the high attenuation at high frequencies caused by atmospheric loss, 

free space loss, and vapor loss, high gain antennas are a requirement for millimeter-wave 

applications [87]. Fabry-Pérot Cavity antennas (FPCA), also known as Resonant Cavity antennas 

(RCA), are considered to be good candidates for millimeter-wave wireless communications. They 

have attracted significant attention as they provide high-gain performance, wide bandwidth, high 

efficiency, and a low-complexity feeding network [89]. Furthermore, the excitation of this type of 

cavity antenna may be accomplished by one or many types of radiated sources such as slots, 

patches, or dipoles.  

Dielectric resonator antennas (DRAs) have been deployed since the 1980s. Dielectric resonators 

were investigated for their use in industry beginning 1960 and used as high Q elements in 

microwave circuits [72]. Recently, a thin high dense dielectric (DD) patch with high permittivity 

was used to replace a metallic patch [90], and [91]. Many significant characteristics such as their 

low profile, high radiation efficiency, and wide bandwidth make this new type of patch a good 

candidate to excite FPC antennas for millimeter-wave applications. However, FPC antennas have 

a narrow operational bandwidth with high gain performance, while the high data rates for most 

MMW applications need a wide bandwidth. Therefore, most high frequency applications need high 

gain, high efficiency, and a wide bandwidth [91].  

When FPC antennas were first investigated, they offered a narrow performance band with a 

bandwidth of about 3% [92]. More recently, many FPC antennas have been reported to offer 

enhanced gain and expanded bandwidth. A 2×2 dense dielectric patch antenna as a radiated source 

was used to feed a perforated superstrate to enhance the gain and to improve the bandwidth [93]. 
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However, this approach may need more space for the array source, increasing the overall antenna 

dimensions as well as the feeding network complexity and the losses. In [79], a frequency selective 

surface (FSS) was used to enhance the antenna performance in a multilayer antenna with two air 

gaps. While this improved the antenna gain, the bandwidth was only moderate. An FPC antenna 

incorporating multi-layer superstrates integrated with the input reflection phase technique 

successfully broadened its bandwidth and enhanced its gain [94].  

    Beam-switching antenna systems, one of the smart antenna technologies, have received much 

interest in recent wireless communication systems research. They offer many significant 

advantages including energy savings, reduced multipath fading, and making antennas more 

flexible [95] [96].  

An FPC antenna can be utilized to steer the antenna beam in the broadside direction in a simple 

way without using active phase shifters.  An unequally-extended frequency selective surface (FSS) 

is required to steer the antenna beam. However, this approach incurs the disadvantage of large side 

lobe levels (SLL) proportional to the angle of scanning [97]. Mechanical scanning is achieved in 

[98] by rotating a conventional dielectric slab placed above an array of dielectric resonators.  

There are many approaches that help in designing antennas with tilted beams at particular 

frequencies. In [99], a broadside antenna with a maximum tilt of 20o was achieved by changing 

the capacitance of the PRS.  A PRS with a varactor diode was used to steer the antenna beam with 

±7𝑜   [100].  A phase shifter was utilized to excite the PRS over a two-patch antenna array [101]. 

This antenna beam was scanned from -10o to +10o with a 13 dBi gain.  Another approach used a 

reconfigurable PRS excited by a phased array to steer the antenna beam, with consistent beam 

steering from -15o to 15o achieved with a 12 dBi gain [102]. A metasurface superstrate with 

different effective refractive index regions was applied over a microstrip patch antenna to tilt the 

beam, producing a maximum beam tilt of 27o in the E-plane with a maximum gain of 8.4 dBi [103].   

In this thesis, a single unprinted dielectric tapered superstrate is proposed to improve the antenna 

performance in terms of gain, wideband, and sidelobe levels (SLLs). A low profile high dense 

dielectric (DD) patch antenna with a relative permittivity of 82 is used to excite a resonant cavity 

antenna instead of using a microstrip patch antenna. An aperture feeding slot is used to couple the 

DD patch antenna. A single unprinted tapered dielectric layer is designed and placed above the 

DD patch antenna to enhance the antenna gain towards the broadside direction, broaden the 
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bandwidth and reduce the side lobe level.  This tapered dielectric layer is designed to compensate 

for the phase along the superstrate by making the permittivity of the single slab superstrate high in 

the center and decreasing it gradually toward the edges. Drilling holes in the dielectric substrate 

can alter the effective dielectric constant to match the required permittivity in each zone. This 

antenna meets some of the needs of MMW applications, particularly in providing higher flat gain, 

wider bandwidth, low side lobe levels, and high radiation efficiency. Beam steering is also targeted 

by using this proposed superstrate. A good performance in terms of the tilting angle, gain, 

bandwidth, and side lobe levels is achieved. 

2.6 High gain and Wideband of Dense Dielectric patch Antenna based on FSS Superstrate 

Future wireless communication systems require wider bandwidth, higher speed, and low latency. 

The millimeter wave (MMW) band has therefore been selected for its ability to provide all of the 

next generation’s requirements. High gain wideband antennas capable of working in the MMW 

spectrum are also required [80]. Due to the high attenuation in the atmosphere and the low output 

power of MMW solid state sources, MMW applications require antennas with high gain in order 

to compensate for the expected losses [104]. Dielectric resonators were investigated in the late 

1960s, and have been used as high Q elements in microwave circuits such as filters, and oscillators. 

Moreover, dielectric resonators have been used as dielectric resonator antennas (DRAs) since the 

1980s [75].  

More recently, a new kind of antenna element, the dense dielectric (DD) patch antenna, has been 

introduced [24]. This advance allows a thin dielectric substrate of high permittivity to replace the 

metallic patch. In [93], a perforated superstrate was used to enhance the antenna gain as well as to 

improve the bandwidth. This antenna’s radiated elements were 2×2 DD patch arrays. A highly 

reflective metamaterial surface was used as a superstrate over the antenna patch in [105], with a   

gain of about 12.5 dBi, and 3 dB gain bandwidth of about 10%. The linearly polarized antennas 

reported in [106] and [107] only offer low gain, and they use bulky multi-FSS layers. In [108], 

three layers of FSS superstrate were applied over a microstrip patch antenna to enhance the antenna 

performance, realizing an antenna gain of about 14.2 dBi, but with low radiation efficiency. A 

high-gain circularly polarized dielectric resonator antenna is reported in [109]. It uses an FSS 

superstrate to enhance the antenna gain, achieving a high gain of about 15.5 dBi.  
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An important drawback of the electromagnetic band gap (EBG) resonator antennas is the narrow 

frequency bandwidth due to their naturally narrowband resonant cavity. Several methods to 

improve the bandwidth have been published. A reconfigurable wide band partially reflective 

surface (PRS) antenna was implemented in [110] to function throughout a broad frequency range. 

In [111], the bandwidth of an EBG resonator antenna is improved up to 13.2 % by using a slot 

antenna array. However, the antenna structure and fabrication in both [110] and [111] are 

complicated, which is not a good match with the simplicity of the EBG resonator antenna. Based 

on the analysis in [51], a wideband EBG resonator antenna can be achieved if the reflection phase 

of the PRS increases linearly with frequency. Utilizing that observation, PRSs with positive 

reflection phase gradients were implemented using two dielectric slabs with an air gap spacing to 

produce wideband EBG resonator antennas [112]. Another approach utilized a dual-layer PRS to 

provide a positive phase gradient with a 2-D unit cell, the unit cell composed of two different FSSs 

[86]. A single layer of a PRS was applied over an inset-fed microstrip patch antenna to improve 

the antenna bandwidth and gain. The resulting antenna gain and bandwidth were 16 dB and 8.3%, 

respectively [113]. A PRS was directly placed over a fully reflective ground plane with a two-

element patch array employed as a feeder. Its 3 dB gain bandwidths of 12.5% and 14.6% were 

obtained with peak realized gains of 15.1 and 14.8 dBi for the horizontal polarization (HP) and 

vertical polarization (VP), respectively [114].  

In this thesis, two FSS superstrates, a highly reflective FSS superstrate and a superstrate with a 

positive reflection phase, are investigated, fabricated, and tested. High reflective unit cells are 

placed above a square dense dielectric (DD) patch antenna to enhance the antenna gain. A set of 

highly reflective unit cells is put over the DD patch as a superstrate layer to act as a lens to improve 

the antenna gain. A set of 7×7 unit cells with the positive reflection phase (PRP) feature are then 

applied over the same DD patch antenna to broaden the antenna’s bandwidth.  

2.7 Substrate Integrated Waveguide (SIW) Cavity Antennas 

SIW cavity antennas are high performance broadband interconnect with excellent immunity to 

electromagnetic interference, suitable for use in the microwave and millimeter-wave applications. 

They are very low cost compared to classic milled metallic waveguides, as they may be developed 

using an inexpensive printed circuit board (PCB) fabrication techniques. The SIW cavity resonator 

design was first presented in [115], and later in [116]. Using the SIW technique, the general type 
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of bulky size, cavity can be replaced by a planar type of cavity resonator. Attractive system 

performances can be achieved by using SIW cavity resonators, especially given their ease of 

integration compared to the commonly-available planar PCB microwave resonators. Designing 

microwave oscillators with very low phase noise and compact high-gain antennas become easier 

due to the high-quality factor of waveguides based on SIW cavity resonators [117]. The advantages 

of the SIW approach are due to the antenna’s planar form, its strength of construction, high power 

operation capability, high efficiency, small thickness, and light weight. The continuing progress 

in the development of such antenna arrays is essentially related to increase both their operating 

frequency and their bandwidth [118].  

There are many techniques for enhancing antenna gain. For instance, array antennas that involve 

several radiated elements feeding simultaneously with a feeding network [26]. However, the losses 

from the feeding network and the mutual coupling phenomenon may degrade antenna performance 

[119]. In addition to array antennas, other means can be used to enhance the antenna gain and 

avoid a feeding network. A high gain of about 12 dBi at 31 GHz was obtained using a disc patch 

loaded by a metallic conical horn. However, this antenna has a relatively high profile and may not 

fit into MMW systems [120]. In [121], a hybrid resonator antenna was designed to increase the 

antenna gain. This antenna achieved a high gain of 11.9 dBi.  

Circularly-polarized (CP) antennas have been widely used and are in high demand for many 

wireless communication systems, as they have several attractive benefits compared to linearly-

polarized antennas [122]. A 4×4 U-slot circularly-polarized high gain patch antenna array was 

designed on low temperature co-fired ceramic (LTCC) at 60 GHz in [123]. However, it requires a 

feeding network, along with the associated losses. In [124], circular polarization with 12 dBi gain 

is achieved by implementing a 2×2 right-hand circularly polarized planar array. A subsequent 

effort using a 2×2 dual polarized patch array realized a gain of about 12.35 dB in [125]. However, 

this array requires dual feeding, which is rather complex. In [126], a 4×4 antenna array was 

designed on an LTCC ceramic, fed with a SIW for an antenna gain of about 12.5 dB. There are 

other approaches which can be used to achieve circular polarization, e.g., dielectric resonator 

antennas [127], helical antennas [128], and crossed dipole antennas [129]. All of these types of 

antennas suffer from several drawbacks, such as a non-planar profile, feeding network complexity, 

multiple layers, and low gain. A high gain CP antenna   array   is implemented in [130], but it has 

the complexity of multiple layers and an SIW feeding network. An X-shaped slot cut into the top 
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of a circular SIW cavity fed by a rectangular SIW waveguide is implemented in [131]. However, 

the gain is only about 6.7 dBi. In [132], circular polarization is achieved by using a polarization 

converter. The SIW cavity antenna is fed by a coaxial cable probe. The single feed allows a 

reduction in the complexity, weight, and losses for arrays, all of which are desirable in many 

MMW applications [133]. 

In this thesis, a high gain low profile circularly polarized SIW slotted cavity antenna is studied 

with the objective of overcoming some of its limitations in terms of size, feeding, and performance. 

A feeding network can be avoided when the implemented antenna is fed with a coaxial probe. The 

SIW technique is used to build the cavity in a single-layer substrate.  The antenna polarization is 

changed from linear to circular polarization using a single-layer polarization converter which is 

placed efficiently above the SIW cavity antenna. High order modes (TE440) is excited. This design 

provides both right- and left-hand circular polarization, as well as linear polarization, in addition 

to high gain and high radiation efficiency.        
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Chapter 3  High Gain Wide-Band Fabry-Pérot Cavity Antenna Based on a 

Dielectric PRS 

3.1 Introduction 

High gain and broadband antennas have been in the center of interest for various millimeter-wave 

(MMW) wireless applications. Several types of antennas have the ability to provide high gain 

radiation at high frequencies, such as reflector and array antennas. However, reflector antennas are 

bulky, and array antennas suffer from structural losses due to their feeding network/circuitry 

(especially for high-gain arrays that require a large number of elements). On the other hand, planar 

Fabry-Pérot cavity (FPC) antennas are known for their ability to produce highly-efficient directive 

radiation pattern [66], [134].  

This chapter presents a perforated PRS superstrate and evaluates the effect of PRS permittivity on 

the FPC antenna performance. The limitation of the 3-dB gain bandwidth is one of the critical 

disadvantages of FPC antennas. Therefore, a unit cell composed of two thin dielectric slabs is 

investigated to expand the 3-dB gain bandwidth of the antenna, and the effect of the slab thickness 

on bandwidth gain is evaluated. 

 
3.2 High gain low profile of High dense dielectric patch antenna using a holey superstrate 

Gain enhancement and bandwidth improvement of a 2×2 square dense dielectric patch antenna 

using a holey superstrate is proposed. This aperture-coupled antenna is fed by a conventional 

power divider. A dielectric superstrate layer is utilized to enhance the antenna gain. Drilling a set 

of identical circular holes in the superstrate layer both improves the antenna’s bandwidth and 

decreases the side lobe level. The proposed antenna was fabricated and tested. The prototype 

produces an impedance bandwidth of 15.35%, from 26.5 GHz to 30.8 GHz. The proposed antenna 

exhibits a flat measured gain of about 16 dBi over all the bandwidth, with a high simulated 

radiation efficiency of 92%. Furthermore, the side lobe levels are -15.8 dB and -21 dB in the E- 

and the H-plane, respectively.  

To expand the antenna 3-dB gain bandwidth of the prototype antenna, a partially-reflective surface 

(PRS) of two thin perforated dielectric layers is proposed. This PRS is placed on a 2×2 high dense 

dielectric patch antenna array. The antenna is excited by an aperture coupling technique. This PRS 



28 
 

of two thin perforated dielectric substrate layers is designed to create a positive reflection phase 

gradient with high reflection to improve the antenna bandwidth and gain. A set of identical circular 

holes drilled in the PRS superstrate layers successfully alters the permittivity of the dielectric 

superstrate. As well known, the thickness of the conventional superstrate should be equal to one-

quarter of the dielectric wavelength. However, in the proposed PRS of two thin perforated 

dielectric substrate layers has a thickness less than the quarter dielectric wavelength and provided 

good performance.  The proposed antenna with this PRS yields a 3 dB gain bandwidth of 27 %, 

from 29 to 38 GHz. The proposed antenna also exhibits a high gain of about 16.8 dBi over all the 

bandwidth, with a high simulated radiation efficiency of 93.3%. Its side lobe levels are below −12 

and −15 dB in the E- and the H-plane, respectively.   

3.3 Design Methodology of the Fabry-Pérot Cavity Antenna with a Dielectric Superstrate 

The proposed antenna design began with the design of a single patch element, a dense dielectric 

patch antenna with high performance in terms of gain and bandwidth.  The next step was to make 

an array out of this single element. Two dielectric substrates were chosen for the antenna design: 

Rogers Duroid 6002 substrate as a top substrate underneath the DD patch, and Rogers RT 3010 as 

the bottom substrate for the feed line.  The aperture feeding technique is used to feed the antenna, 

which is fed by etching the slot in the common ground plane directly under the radiated patch. 

Upon constructing the single element, a 2×2 DD patch array is designed with that single element 

to enhance the gain even further. A feeding network was designed to excite all the radiated 

elements. A perforated dielectric slab was designed as a superstrate and placed over the antenna 

array to enhance the antenna’s performance. The dielectric superstrate’s thickness was a quarter 

of the dielectric wavelength. The proposed antenna was designed and simulated using the CST 

software package. 

3.4 DD patch antenna array with a conventional superstrate 

3.4.1 Antenna Design and Configuration 

The geometry of a 2×2 square DD patch antenna array with a conventional superstrate is illustrated 

in Fig. 3.1. The square DD patches are very low profile with a length Lp=4.1 mm and a height 

Hp=0.15 mm, with a relative permittivity of 82. The DD patches are designed on a Rogers Duroid 

6002 substrate (top layer) with thickness h1=20 mil, (εr=2.94 and tanδ=0.0009). The bottom 
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substrate is a Rogers RT 3010 with the same thickness as the top substrate. The two substrates 

have the same length and width (L=W= 20 mm). A 50 Ω conventional power divider is located on 

the bottom side of the bottom substrate. The aperture coupling feed method is used to excite the 

2×2 DD patch antenna array.  The coupling slot in the common ground plane between the two 

layers has a length Ls=2.55 mm and width Ws=0.25 mm. A superstrate dielectric layer with a 

relative permittivity of 10.2 and thickness hs =0.64 mm is designed and applied over the 2×2 DD 

patch antenna array at a distance d=5.32 mm above the DD array. 

 

 

Figure 3.1: Geometry of the 2×2 DD patch antenna array: side view. Superstrate is partly removed to show 

the patches under it [93]. 

 

3.4.2 Simulated Results 

The implemented antenna is simulated using the CST software package. The simulated reflection 

coefficient of the antenna is illustrated in Fig. 3.2. The DD patch antenna array with a conventional 

superstrate shows a good matching with about a 7.1 % bandwidth. 
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Figure 3.2: Reflection coefficient of the simulated 2×2 DD patch antenna array with a conventional 

superstrate [93]. 

 

Fig. 3.3 illustrates the simulated E- and H-plane patterns at 28 GHz with side lobe levels of -14.5 

dB and -15.8 dB, respectively. 

 

Figure 3.3: E- and H-plane radiation patterns of the simulated 2×2 DD patch antenna array with a 

conventional superstrate [93]. 

 

3.5 Dense Dielectric Patch Antenna Array with a Holey Superstrate 

3.5.1 Principle and Antenna Design 

As is well known, a Fabry-Pérot cavity (FPC) antenna is built from two reflectors, a partially 

reflective surface (superstrate cover) and the ground plane. The air gap distance between the two 

reflector plates should be close to a multiple of a half wavelength (λ0/2) in order to enhance the 

antenna directivity by means of in-phase waves. Therefore, when the waves radiated by the antenna 
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source, which is a dense dielectric patch in our proposed design, towards the partially reflective 

surface, a perforated dielectric slab in this work, the PRS plate reflects the waves back, and then 

the ground plane re-radiates all the waves to the broadside direction. Thus, maximum directivity 

can be achieved using a strong superstrate reflectivity. However, high superstrate reflectivity 

results in a high Q-factor, which will lead the FPC antenna to provide a high directivity with a 

narrow-band (See Chapter 2.3). Therefore, a perforated dielectric superstrate is proposed here, as 

it reduces the slab permittivity while decreasing the superstrate reflectivity, and therefore 

dicreasing the Q-factor. This results in enhanced antenna bandwidth as well as improved sidelobe 

levels. 

 

 

 

 

 

 

                                                   (a)                                                                      (b) 

 

 

 

 

 

                          

                                                                           (c) 

Figure 3.4: Geometry of the proposed antenna: (a) side view, (b) top view, and (c) photographs of the 

antenna prototype [93]. 
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Fig. 3.4 shows the configuration of the implemented DD patch antenna array. Using the same size 

of the above DD square patch antenna array, a 2×2 identical dense dielectric square patch antenna 

array with a holey superstrate is proposed. A simple conventional feeding network is designed to 

feed the proposed DD patch array. The dielectric substrate layer is perforated by a set of identical 

periodical circular holes of diameter D (with period P) placed along the x and y-axes. The antenna 

layers with DD patches together with top and side views of the fabricated prototype are shown in 

the same figure. Furthermore, plastic screws and foam material are used to maintain a   gap (d) 

between the antenna and the superstrate. Drilling holes on the dielectric layer alters the effective 

permittivity of the material. The effective relative permittivity of the holey superstrate layer is 

calculated as given below [138]: 

𝜀𝑒𝑓𝑓 = 𝜀𝑟 ∗ (1 −
𝜋

2
∗ (

𝐷

𝐷 + 𝑔
)

2

) +
𝜋

2
∗ (

𝐷

𝐷 + 𝑔
)

2

                                   (3.1)    

 

Fig. 3.5 illustrates the dependence of the calculated effective permittivity on the hole diameter 

(D). The optimized antenna parameters are listed in Table 3-1. 

 

 

Figure 3.5: Calculated effective permittivity of the superstrate layer [93]. 
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Table 3-1: The optimized parameters of the proposed antenna. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A parametric study was conducted to study the effect of the hole diameter D on the performance 

of the proposed antenna. As can be seen from Figs. 3.6 and 3.7, as D increases, a good impedance 

matching, and a flat gain is obtained, along with a reduction in the side lobe levels. In addition, 

the size of the drilled holes also has a significant effect on the antenna resonance and gain, as 

well as on the effective permittivity of the superstrate. Holes   drilled in   the   superstrate   with 

εr=10.2 resulted in an effective permittivity of about 6.7. That result allowed for an antenna 

resonance frequency at 28 GHz and flat gain of 16 dBi, along with a 15.35 % bandwidth. 

Moreover, it was found, but not shown here, that the gap d between the antenna and the 

superstrate has a significant effect on the resonance of the antenna, and less effect on the antenna 

gain. As d increases, the resonance frequency is shifted downwards, and vice versa. 

3.5.2 Antenna Array with a holey superstrate performance 

To verify the simulated results, a 2×2 square DD patch array antenna with a perforated superstrate 

was fabricated and tested. Fig. 3.8 shows the simulated and measured reflection coefficients of 

the proposed antenna. They exhibit a wider bandwidth of 15.35 % from 26.5 GHz to 30.8 GHz. 

It can be observed that there is a frequency shift between the measured and the simulated results 

considering the manufacture rated value (at 10 GHz) of the relative permittivity for all layers. 

However, at MMW frequencies, the value of εr is typically different, which may contribute to the 

shift in the resonance frequency [139]. 
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Figure 3.6: Simulated reflection coefficient of the antenna considering the effect of varying the diameter of 

the holes on the superstrate layer [93]. 

 

(a) 

 

                                      (b) 
Figure 3.7: Simulated side lobe level in the E-plane (a) and in the H-plane (b) of the proposed antenna 

considering the effect of varying the diameter of the holes on the superstrate layer [93].   
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Figure 3.8: Measured and simulated reflection coefficients of the proposed antenna [93].  

 

The simulated and measured gain and the simulated radiation efficiency of the implemented array 

with a holey superstrate are depicted in Fig. 3.9. The gain and radiation efficiency of the 2×2 DD 

patch antenna array with a conventional superstrate is also introduced in the same figure for 

comparison. The magnitudes of the E-field distribution of both antennas are illustrated in Fig. 3.10. 

Both the measured and simulated results of the antenna gain are in good agreement. An almost-

flat gain is achieved over the band where the peak gain about 16 dBi. The simulated radiation 

efficiency of the antenna is almost 92 % over the bandwidth. As shown in Fig. 3.10, flat radiation 

efficiency is achieved. 

 

Figure 3.9: Simulated and measured gain and simulated radiation efficiency of the implemented antenna 

compared to the DD patch array with a conventional superstrate [93]. 
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Figure 3.10: Magnitude of the E-field distribution of DD patch antenna array with a conventional 

superstrate (a) and with a holey superstrate (b) at 28 GHz [93]. 

 

Fig. 3.11 shows the simulated and measured radiation patterns of the proposed square DD patch 

antenna array at different frequencies. The antenna has good radiation patterns. The side lobe levels 

are about -15.4 dB, -15.8 dB, -13.3 dB, and -9.9 dB in the E-plane radiation pattern at frequencies 

27 GHz (not shown here), 28 GHz, 29 GHz, and 30 GHz, respectively. Furthermore, in the H-

plane the SLLs are about -18.2 dB, -21 dB, -19.1dB, and -18.5 dB at frequencies 27 GHz (not 

shown here), 28 GHz, 29 GHz, and 30 GHz, respectively. 

 

 

 

(a) (b) 
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Figure 3.11: Simulated and measured radiation patterns of the DD patch antenna array with a perforated 

superstrate [93]. 
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3.6 Dense Dielectric Patch Antenna Array with a PRS composed of Two Thin Perforated 

Dielectric Slabs   

The use of millimeter-wave (MMW) frequencies for future wireless communications (5G) has 

become a very popular research area for antenna designers due to the narrow spectrum below 6 

GHz bands and 5G’s need for higher data rate, high speed, and low latency [4]. Several types of 

antennas have been used to provide the level of performance needed to meet 5G requirements. 

Fabry-Pérot cavity (FPC) antennas have been widely utilized for their ability to broaden the 

antenna bandwidth while obtaining high directivity [28], [140].  

The FPC antenna presented earlier in this chapter is based on a perforated single layer highly 

reflective PRS. The antenna result was a moderate gain and bandwidth. In this approach, the single 

layer perforated superstrate provides just one resonance where the reflection phase of the 

superstrate decreases with the frequency. The reflection phase intersects with the optimum phase 

at only one point, and so the antenna bandwidth is only 15.35%. The narrow band issue could be 

addressed by introducing a PRS composed of two thin perforated dielectric slabs.  

A partially reflective surface (PRS) of two thin perforated dielectric substrate layers is therefore 

proposed and designed to create a positive reflection phase gradient with high reflection to improve 

the antenna bandwidth and gain. A set of identical circular holes drilled in the PRS superstrate 

layers plays a significant role in altering the permittivity of the dielectric superstrate. The thickness 

of the two superstrates could be different and also could be the same as will be shown later in our 

design. In the literature, the thickness of the conventional superstrate should be equal to one-

quarter of the dielectric wavelength. However, in the proposed design, a PRS of two thin perforated 

dielectric substrate layers is utilized as a superstrate to broaden the bandwidth and to enhance the 

antenna gain. The antenna is excited by an aperture coupling technique. The proposed antenna 

yields a 3 dB gain bandwidth of 27 % from 29 to 38 GHz and a high gain of about 16.8 dBi over 

all the bandwidth, with a high simulated radiation efficiency of 93.3%. Furthermore, the side lobe 

levels of the proposed antenna are below −12 and −15 dB in the E- and the H-plane, respectively.  
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3.6.1 Design Methodology of the Implemented antenna  

The design methodology of this proposed antenna is similar to the methodology presented in 

section 3.3. However, the partially reflective surface (PRS) that covers the DD patch array in this 

design is built from two thin perforated dielectric substrates. The bottom slab is constructed from 

a Rogers RO 3006 with λd/6, and the top layer is made from a Rogers RO 3010 with the same 

thickness of the bottom substrate. Initially, the distance between the two slabs was λ0/2 when the 

dielectric slab thickness was λd/4. This distance was optimized to compensate for the decrease of 

the slab thickness. The CST software package simulator was used to design and simulate the 

proposed antenna. 

3.6.2 Design of a PRS with a Positive Phase Gradient  

This section presents the design of the unit cell of the PRS to be used as a superstrate of the DD 

patch antenna array. The composed unit cell dimensions are selected carefully to achieve a positive 

gradient in the reflection phase response where the positive phase gradient is required to broaden 

the antenna bandwidth. The unit cell is composed of two thin unprinted perforated dialectic slabs, 

as illustrated in Fig. 3.12. They are perforated to control the effective permittivity of the two 

substrates. As is common knowledge, a conventional dielectric superstrate should have a thickness 

of λd/4, and should be located at λo/2 above the antenna to achieve the goals of enhancing the gain 

or of broadening the bandwidth. However, in this proposed design, two thin dielectric substrates 

are used to build the PRS superstrate. Therefore, to compensate for the thickness, the height hc1 is 

added to λ0/2 between the two layers of the PRS. A specific air gap thickness (hc1) is added to the 

λ0/2 between the PRS superstrate and the antenna elements. The unit cell was designed and 

simulated using the full-wave electromagnetic simulation tool CST software package. 
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Figure 3.12:  Geometry of the proposed unit cell: Characterization model of the unit cell (a), top substrate 

(b), and bottom substrate (c).  

 

Periodic boundary conditions can be applied to the four side walls of a unit cell, as shown in Fig. 

3.12(a). Boundaries 1 and 3 are set as perfect electric conductors (PEC), and boundaries 2 and 4 

are set as perfect magnetic conductors (PMCs). 

The effective permittivity of the top substrate is 8, and the permittivity of the bottom substrate is 

4. Fig. 3.13 illustrates the dependence of the calculated effective permittivity on the hole diameter 

(D, D1).  
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Figure 3.13: Calculated effective permittivity of the PRS slabs. 
 

When the PRS is applied at the resonant distance d from the radiated antenna, the gain of the 

antenna is significantly enhanced.  The rays released by the radiating antenna are reflected multiple 

times between the PRS and the ground plane, and with decreasing amplitudes. As a result, 

constructive interference occurs, and the antenna directivity is enhanced when the resonance 

distance d (air gap) is equal to [86] 

 

𝑑 =
𝜆

2
∗ (

𝛷

2𝜋
+ 0.5) + 𝑁 ∗ ( 

𝜆

2 
 )                               (3.2) 

             

where Φ is the reflection coefficient phase of the PRS, λ is the free space wavelength, and N is the 

resonant mode order. The ground plane and the PRS are assumed to be of infinite size.  Equation 

(3.2) can be written as:  

𝛷 =
4𝜋𝑑

𝑐
∗ 𝑓 − (2𝑁 − 1)𝜋                                      (3.3) 

 

where f is the frequency and C is the speed of light in a vacuum.  The optimum phase of the PRS 

can be achieved by using equation (3.3). This optimum phase indicates that high gain and wide 

bandwidth can be obtained by utilizing a PRS that has a reflection phase which increases with 

frequency. 

The proposed unit cell is constructed of two thin dielectric substrates with different permittivities. 

The top dielectric substrate is a Rogers RO 3010 (εr = 10.2 and tanδ = 0.0023) with effective 
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permittivity of about 8 and thickness hs1 = 20 mils and the bottom substrate is a Rogers RO 3006 

(εr = 6.15 and tanδ = 0.0009) with effective permittivity of about 4 and thickness hs2 = 20 mils. 

The optimized dimension values are given in Table 3-2. The implemented unit cell was simulated 

using the CST software package, where a plane wave is normally incident on the bottom face of 

the bottom substrate. Fig. 3.14 shows the magnitude and phase of the reflection coefficient of the 

proposed unit cell.  

Table 3-2: The proposed unit cell’s optimized parameters. 
 

 

 

 

 

 

 

 

 

 

 

 

Parameter Values (mm) 

       a 

 

 

4.7  

       b 

 

 

4.7 

       P 

 

 

1.36 

      D 

 

     g 

 

     P1 

 

0.7 

 

0.66 

 

1.25 
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                                                         (a) 

 

 

(b) 

Figure 3.14:  The magnitude (a), and reflection phase (b) of the proposed unit cell. 
 

       A parametric study was conducted to evaluate the effect of the bottom substrate thickness hs2 

of the proposed unit cell on the unit cell performance. Fig. 3.15 shows the effect of altering the 

bottom substrate thickness of the unit cell from one quarter dielectric wavelength to smaller 

thicknesses on the PRS performance. The thicknesses λd/4=0.8 mm, λd/6= 0.64 mm, and λd/9= 

0.36 mm of the bottom dielectric substrate were considered to determine the effect of the 
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superstrate thickness. It is clear that the results from cases λd/6 and λd/4 show almost the same 

behavior in terms of the reflection magnitude and reflection phase. The thickness λd/9 provides a 

positive reflection phase where the reflection phase increases with a frequency within the desired 

band. The λd/6 thickness was selected for the proposed unit cell. That substrate was perforated to 

obtain a relative permittivity of 4 at the designed thickness. A compensation height, hc1, was added 

to the air gap d1, which is equal to λ0/2+hc1 as the bottom substrate thickness is decreased. With 

the λd/6 thickness of the bottom substrate, hc1=0.7 mm was added, where hc1 is zero in the case of 

λd/4. d1 is the overall height between the two thin substrates of the proposed unit cell. The 

compensation height hc1 is inversely proportional to the bottom substrate thickness. The same 

procedure was conducted between the top substrate and the radiating source, the DD patch array. 

 

(a)                                                                              (b) 

Figure 3.15:  Effect of changing the bottom substrate thickness of the proposed unit cell on the PRS 

performance: reflection phase (a), and reflection magnitude (b). 
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3.6.3 Antenna Design  

 

 

Figure 3.16: Geometry of the proposed antenna: side view. 

 

Fig. 3.16 shows the wideband-high gain of a 2×2 high dense dielectric patch array antenna with two 

thin PRS superstrate layers. The proposed PRS superstrate is applied over the DD patch array at a 

distance d= 5.7 mm. The optimized parameters are listed in Table 3-3. 

 

 

Table 3-3: The optimized parameters of the implemented antenna. 

 

 

 

 

 

 

 

 

 

    

 

 

 

Parameter Values (mm) 

       Lp 

 

 

3.8  

       Hp 

 

 

0.15 

       L 

 

 

19 

      W 

 

      Ls 

 

     Ws 

 

18 

 

2.1 

 

0.14 
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3.6.4 Antenna Results 

 

The proposed antenna was simulated using the CST software package. The simulated reflection 

coefficient of the antenna is depicted in Fig. 3.17. A 3-dB gain bandwidth of 27 % from 29 GHz 

to 38 GHz was achieved. The simulated gain and radiation efficiency of the implemented array 

with a thin PRS superstrate are depicted in Figure 3.18. The antenna’s highest gain was 16.8 dBi. 

 

Figure 3.17: Simulated reflection coefficient of the proposed antenna with a thin PRS superstrate. 

                                                                         

 

(a)                                                                                       (b) 

Figure 3.18: Simulated gain (a), and radiation efficiency (b) of the proposed antenna with a thin PRS 

superstrate. 
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Fig. 3.19 shows the simulated radiation pattern of the proposed DD patch array with a thin PRS 

superstrate at different frequencies. The antenna produces good radiation patterns. The SLLs are 

about −18, −13.5, −14.9, and −12 dB in the E-plane radiation pattern at frequencies 29.5, 32, 35, 

and 37, respectively, and close to −17, −18, −21, and −15 dB at frequencies 29.5, 32 35, and 37 

GHz, respectively in the H-plane. 3D images of the radiation patterns at 30, 33, and 36 GHz are 

shown in Fig. 3.20. 

 

 

Figure 3.19: E and H-plane radiation patterns of the proposed antenna with a thin PRS superstrate at 

different frequencies. 
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                                   (a) at 30 GHz                                                        (b) at 33 GHz 

 

 

 

 

 

 

                                                                                 

                                                                               (c) at 36 GHz 

Figure 3.20: 3D radiation patterns of the proposed antenna with a thin PRS superstrate at different 

frequencies. 

To demonstrate the improved characteristics of the proposed antennas, a comparative study of the 

proposed designs’ and those of several published works is presented in Table 3-4. This data clearly 

shows that the proposed antenna provides good performance in terms of gain and the 3 dB gain 

bandwidth compared to other relevant works. 
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Table 3-4: Performance comparison of our proposed design with designs in the literature. 

 

 

Ref. No Freq. 

(GHz) 

Max. Gain 

(dBi) 

3dB Gain  

BW 

% 

Substrate Type Antenna  

element 

[38] 15 14.9 9 Dielectric slab(One Layer) Waveguide 

17.5 17.9 Dielectric slab(Two Layers) 

[86] 60 16 12.2 FSS( Two layers) Slot antenna 

[143] 13.7 16.3 10.9 FSS (Three layers) Slot antenna 

This 

work 

28 16 15.35 Dielectric slab (One Layer) DD patch Antenna 

Ka-

band 

16.8 27 Dielectric slab (Two Layers) DD patch Antenna 
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Chapter 4  Gain and Bandwidth Enhancement Based on Tapered Superstrate 

4.1 Introduction 

Wireless communication systems are in high demand for future fifth generation (5G) millimeter 

wave (MMW) applications. Modern communication systems require compact size and light weight 

with good performance. The need for wide gain bandwidth has been increasing throughout the 

development of wireless device technology. Meeting this growing need for high bandwidth is a 

difficult problem in the low frequency spectrum. Therefore, researchers have begun to investigate 

and exploit the millimeter-wave available around 30 GHz [87]. Fabry-Pérot Cavity antennas 

(FPCa) have attracted significant attention as they provide high-gain performance, wide 

bandwidth, high efficiency, and a low-complexity feeding network [89].  

        In this chapter, a single unprinted dielectric tapered superstrate is proposed to improve the 

antenna performance in terms of gain, wideband, and sidelobe levels (SLLs). A low profile high 

dense dielectric DD patch antenna with a relative permittivity of 82 is used to excite the resonant 

cavity antenna instead of a microstrip patch. An aperture feeding slot is used to couple the DD 

patch. A single unprinted tapered dielectric layer is designed and placed above the DD patch 

antenna to enhance the antenna gain towards the broadside direction, broadening the bandwidth 

and reducing the side lobe levels.  This dielectric layer is designed to compensate the phase along 

the superstrate by making the permittivity of the single slab superstrate high in the center, 

decreasing gradually toward the edges. Drilling holes in the dielectric substrate can alter the 

effective dielectric constant to match the required permittivity in each zone. This implemented 

antenna meets some of the MMW applications, and it provides higher flat gain, wider bandwidth, 

low side lobe level, and high radiation efficiency.   Beam steering is also targeted by using this 

proposed superstrate, as will be shown later. 

4.2 High Gain of Low Profile High Dense Dielectric Patch Antenna using Tapered Dielectric 

Superstrate 

Modern communication systems are drifting toward small sized high gain antennas and high data 

bit rates as solutions to accommodate the future application requirements such as 5G wireless 

communications. A high gain wideband low profile high dense dielectric (DD) patch antenna using 

a tapered dielectric superstrate is presented, designed, fabricated and tested. This antenna is 
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implemented to achieve high flat gain, wide bandwidth, and low side lobe levels. The proposed 

structure employs a square high dense dielectric (DD) patch. The radiating DD patch is coupled to 

a 50-ohm microstrip line through a rectangular-shaped slot etched on the common ground plane. 

A flat single layer of a tapered unprinted dielectric superstrate is designed and placed above the 

DD patch antenna at almost a half wavelength from the ground plane. The relative permittivity is 

maximum in the center of the superstrate, decreasing gradually toward the edges to correct the 

phase along the superstrate every 90o.  The measured impedance bandwidth of the proposed 

antenna shows a 16 % bandwidth. The proposed antenna exhibits a flat gain of about 17.6 dBi, 

high radiation efficiency, and promising side lobe level in both planes over all the bandwidth. Also, 

using the tapered superstrate, the antenna beam is steered from -30o to 30o with good performance 

in terms of gain, and side lobe levels 

4.3 Modelling and Analysis 

The conventional dielectric superstrate provides a non-uniform phase and it does not support the 

phase compensation. However, designing a Fabry Perot cavity antenna with a tapered superstrate 

can compensate for the phase different paths. Therefore, the forward radiation will be enhanced 

and will be almost flat.  The proposed antenna is designed with two reflectors which are the tapered 

dielectric superstrate and the ground plane, and a high dense dielectric (DD) patch antenna. The 

tapered superstrate is constructed from different relative permittivity materials where the effective 

permittivity is high in the center of the superstrate layer and decreased gradually moving toward 

the edge. The tapered superstrate is also known as a partially reflective surface (PRS) used as a 

transmitting window which allows partial transmission of the electromagnetic wave.  As well-

known principle from the Fabry-Perot cavity (FPCA) design is that the incident waves transmit 

through the dielectric superstrate and are then reflected by the ground plate. A conventional 

superstrate provides a non-uniform phase distribution along the superstrate layer, which affects the 

gain enhancement. Therefore, a tapered superstrate is needed; a superstrate with the ability to 

correct the phase to be almost uniform. The proposed tapered superstrate is designed to assure that 

the phase variation along the tapered superstrate is between 0 and 90o instead of between 0 and 

180o. Thus, almost all the transmission of the electromagnetic wave through the proposed tapered 

superstrate is in phase. The tapered superstrate, designed from four different relative permittivities, 

can compensate the phase every 90o. Therefore, the reflection will vary along the composite 
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superstrate layer so that the reflection is high at the center of the antenna (low transmission) and 

low at the antenna edges (high transmission). As a result, the antenna gain is increased 

considerably, the gain bandwidth is enhanced, and the side lobe levels are improved as well. The 

proposed superstrate should be placed at a half-wavelength from the ground plane in this design, 

as explained by the Fresnel concept [141].  

    Much better results could be achieved by making the transition in the relative permittivity move 

smoothly from 10.2 to 2.2. However, this will result in several rings with different permittivity and 

with very small radii, making the antenna fabrication extremely difficult. Instead, the antenna 

dimensions are carefully designed, and the antenna materials are chosen with care. Acid is used to 

remove the copper instead of a machined step to achieve better results. 

 

4.4 Tapered Superstrate Design 

 

Figure 4.1: The geometry of the proposed tapered superstrate. 

 

A tapered superstrate is proposed and designed to correct the phase, as illustrated in Fig. 4.1. This 

tapered superstrate is designed according to the following procedure. The thickness of the tapered 

superstrate hc is determined based on equation (4.1) [141]. 

ℎ𝑐 =
3𝜆0

𝑃(√𝜀𝑟 − √𝜀𝑚𝑖𝑛 )
                             (4.1) 
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where λo is the free space wavelength at 28 GHz, εr and εmin are the maximum and minimum 

permittivity of the superstrate and P is the phase correction value, determined by 360o/P; for 90o 

phase correction, P= 4. After selecting both the maximum and minimum relative permittivities, 

which are 10.2 and 2.2 in this design, the superstrate thickness is calculated and found to be 4.2 

mm. The rest of the relative permittivities can be obtained depending upon the superstrate 

thickness and P, according to equation (4.2) [141]: 

 

 

ℎ𝑐 =
𝜆0

𝑃(√𝜀𝑖 − √𝜀𝑖−1 )
     , 𝑖 = 2,3 ….                  (4.2) 

 

where εi is the minimum dielectric constant, which is equal to 2.2. Equation (4.3) [141] can be 

used to calculate the radius ri of each relative permittivity of the proposed superstrate. 

 

𝑟𝑖 = √(2𝑑
𝜆0

𝑃
𝑖 + (

𝜆0

𝑃
𝑖)

2

)          , 𝑖 = 1,2, ….      (4.3) 

 

The requires radius ri, and εeff of each zone are shown in Table 4-1. 

Table 4-1: The required radius and permittivites. 

 

 

 

 

 

 

 

 

 

 

 

       i      radius (mm)                             εeff            

       1 

 

 

       5.5                                          10.2 

 

 

       2 

 

 

       8.66                                         7.46 

      3 

 

 

      11.4                                          4.44 

      4 

 

      15                                              2.2 
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A flat single layer dielectric substrate is used to construct the proposed superstrate, a Rogers 

RT3010 with relative permittivity 10.2. Next, holes are drilled to alter the effective dielectric 

constant of each zone to match the required relative permittivities. The hole diameters, which are 

shown in table II, can be calculated from Equation (4.4) [138].  

 

𝜀𝑒𝑓𝑓 = 𝜀𝑟 (1 −
𝜋

2
(

𝐷

𝐷 + 𝑔
)

2

) +
𝜋

2
(

𝐷

𝐷 + 𝑔
)

2

               (4.4) 

 

Where D is the hole diameter and g is the distance gap between holes. 

 

4.5 Dense Dielectric Patch Antenna Design with Tapered Superstrate 

The geometry of a single square DD patch antenna with composite superstrate is shown in Fig. 4.2. 

The square DD patch (permittivity of 82) antenna is designed on a Rogers Duroid 6002 substrate 

(top layer) with thickness h1=20 mil, (εr=2.94 and tanδ=0.0009). The bottom substrate is a Rogers 

RT 3010 with the same thickness of the top substrate. A 50 Ω microstrip line is printed on the bottom 

side of the bottom substrate with dimensions of Lf and Wf.  The coupling slot in the common ground 

plane between the two layers has a length of Ls and width Ws. The tapered superstrate covers the 

DD patch antenna at an air gap height of d. The photograph of the antenna prototype is illustrated 

in Fig. 4.3 and the optimized parameters are listed in Table 4-2. 
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Figure 4.2: Geometry of the proposed antenna: side view. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: A photograph of the proposed antenna prototype. 
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Table 4-2: The optimized parameters of the proposed antenna. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5.1 Antenna Results 

Low profile square DD patch antenna with a single layer unprinted composite superstrate is 

fabricated and tested. Fig. 4.4 shows the simulated and measured reflection coefficient of the 

proposed antenna. They exhibit a wider bandwidth of 16 % from 26.25 GHz to 30.75 GHz.  The 

measured antenna gain is depicted in Fig. 4.5. The frequency shift between the simulated and 

measured results is a result of altering the permittivity (εr) of all dielectric layer’s manufacture rated 

value (at 10 GHz) to a different value at MMW range. [139]. 

Parameter Values (mm) Parameter Values(mm) 

Lp 

 

 

4.1 Wf 0.39  

Hp 

 

 

0.15 Ls 2.75 

L 

 

 

25 Ws 0.22 

W 

 

h1 

 

h2  

 

Lf 

25 

 

0.508 

 

0.508 

 

20.1 

hc 

 

d 

 

D1 

 

D2 

4.2 

 

5 

 

0.75 

 

1.6 
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Figure 4.4: Simulated and measured reflection coefficient of the proposed antenna. 

 

Figure 4.5: Measured and simulated gain of the implemented antenna. 

 

Fig. 4.6 shows the E- and H-plane simulated and measured radiation patterns of the square DD patch 

antenna with the proposed single layer composite superstrate at 27, 28.5, and 30 GHz, indicating that 

the antenna provides good radiation patterns and promised side lobe levels (SLLs). The SLLs are -

20, -21, and -17 dB in the E-plane, and -20, -17, and -16 dB in the H-plane at 27, 28.5, and 30 GHz 

respectively. 
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Figure 4.6:  Measured and simulated E and H-plane radiation patterns of the proposed antenna at different 

frequencies. 

 

To demonstrate the improved characteristics of the proposed antennas, a comparative study of the 

proposed designs’ and those of several published works is presented in Table 4-3. This data clearly 

shows that the proposed antenna provides good performance in terms of gain and the 3 dB gain 

bandwidth compared to other relevant works. 
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Table 4-3: Performance comparison of our proposed design with designs in the literature. 
 

 

 

 

 

 

 

 

 

4.6 Beam Switching using Tapered Superstrate 

The proposed structure is depicted in Fig. 4.7. This configuration is inspired by an earlier design 

presented in this work. It shows the proposed tapered superstrate as the PRS is applied over three 

high DD patches to realize the beam switching. The radiated element patches are symmetrically 

positioned in the centre of the tapered superstrate along the x-axis, where the distance between 

each two of them is S which is 1.4 mm. The lateral dimensions of the antenna are the same as the 

antenna geometry described above in this work. The photograph of the proposed beam switching 

antenna is illustrated in Fig. 4.8. 

 

Figure 4.7: Side view of the proposed antenna with three ports for beam tilting. 

 

 

 

Ref. No Freq. 

(GHz) 

Max. 

Gain 

(dBi) 

3dB 

Gain  

BW 

% 

Substrate Type Antenna  

element 

 

[91] 

 

28 17.78 9 FSS(one layer) DD patch 

Antenna 
28 15.4 15.5 

[93] 28 16 15.4 Dielectric 

superstrate 

DD patch 

Array 

[86] 60 16 12.2 FSS( Two layers) Slot antenna 

[109] 30 15 10 FSS ( one layer) DRA 

This 

work 

28 17.6 16 Tapered 

Superstrate 

DD patch 

Array 
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Figure 4.8: Photograph of the proposed antenna with tapered superstrate for a beam tilting antenna. 

 

 

The radiated source patch moves along the x-axis plane from Sp = -7 mm from the antenna’s center 

to Sp= 7 mm with a uniform step of 3.5 mm, as shown in Fig. 4.9. The antenna beam is steered 

without using a phase shifter from -30o to 30o with variable gain. Several beams are obtained in 

the H-plane radiation pattern, as shown in Fig. 4.10. 
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Figure 4.9: Different positions to the radiated source (the DD patch) along the x-axis. 

 

(a) 

 

(b) 

Figure 4.10: Several beams due to the DD patch movement along the x-axis at 28.5 GHz (a), and 29.5 GHz 

(b). 
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Based on the results achieved by moving the radiated source along the x-axis, the positions of the 

three patches are chosen to ensure that the beam remains within the 3 dB less of the broadside gain 

when port 1 is on, and the rest of ports are off. Each patch is excited by a slot etched on the common 

ground plane. A 50-Ω microstrip line is printed on the bottom side of the bottom substrate with 

dimensions of Lf and Wf under each patch. When port 1 is excited, the other two ports are terminated 

by 50-W matching loads to absorb the energy received by the corresponding patches; the same action 

occurs when port 2 or port 3 are excited. When port 1 is excited, the maximum gain in the broadside 

direction is 16.7 dBi. The gain is dropped by at least 1 dBi when the parasitic patches are added, due 

to the coupling between the patches. When port 2, port 3, port 1 with port 2, and port 1 with port 3 

are excited, four beams at different angles are achieved. As a result, a directive beam of the antenna 

is steered from -20o to 20o in the H-plane radiation pattern, as depicted in Fig. 4.11. 

  

 

 

Figure 4.11: Simulated and Measured H-plane radiation patterns.  
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Chapter 5  Gain and Wideband Enhancement Based on FSS Superstrate 

5.1 Introduction 

Future wireless communication systems are strongly needed wider bandwidth, higher speeds, and 

low latency. Developers of the next generation of communication systems (5G) have selected the 

millimeter wave (MMW) band for its ability to provide all of the next generation’s requirements. 

High gain wideband antennas capable of working in the MMW spectrum are also required [80]. 

Due to the high attenuation in the atmosphere and the low output power of MMW solid state 

sources, MMW applications require antennas with high gain in order to compensate for the 

expected losses [104].  

This chapter presents a highly reflective unit cell (PRS superstrate) to cover the DD patch antenna 

and thereby enhance the gain. A positive reflection phase unit cell is also investigated to expand 

the 3-dB gain bandwidth. A highly reflective unit cell is modified to create a positive reflection 

phase and used as a superstrate.  These measures improve the antenna’s 3-dB gain bandwidth while 

maintaining its high gain characteristic.   

5.2 Design Methodology 

The design methodology of this proposed antenna is similar to the one stated in section 3.3. Two 

single-layer partially reflective surfaces are designed to improve the antenna characteristics based 

on FSS technology. The first PRS unit cell design begins with selecting the substrate material, 

which is RT/ 5880 with a thickness of 30 mils, chosen for it has low losses. The FSS’s shape is 

then designed on the bottom of the substrate. The boundary conditions are applied, and the result 

is a highly reflective PRS unit cell. The second PRS unit cell design follows the same design 

procedure, but a microstrip line is added on the top of the PRS unit cell along with E-field direction. 

This line plays a significant role to extend the reflection phase of the proposed unit cell. 

5.3 The Fabry-Pérot Cavity Antenna combined with an FSS Superstrate 

The working mechanism of the FPC antenna is discussed in section 1.6 and section 2.3. They 

describe how antennas are designed of three significant parts: the radiator, the ground plane, and 

the PRS. In the proposed antenna, two types of PRS unit cells are added to improve the antenna 

performance in terms of the antenna gain and bandwidth. The first unit cell is designed to provide 
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a high reflection magnitude with a reflection phase that decreases with the frequency within the 

operating band. The second PRS unit cell is designed based on the positive reflection phase as well 

as a high reflection magnitude. Based on the theory of the FPC antenna [28], the antenna can 

achieve a good radiation performance when equations (5.1), (5.2), and (5.3) are satisfied. The 

working modes of a Fabry-Pérot Cavity antenna can be extended by tuning the reflection phase of 

the PRS. 

5.4 High Gain and Wideband High Dense Dielectric Patch Antenna with an FSS Superstrate  

Gain and bandwidth enhancement of a low profile, linearly polarized square dense dielectric patch 

antenna using a frequency selective surface (FSS) superstrate layer is proposed.  A high dense 

dielectric patch antenna is utilized as a radiating element instead of a metallic patch to realize 

several significant advantages, including low profile, wide bandwidth, and high radiation 

efficiency. The implemented antenna is excited by an aperture-coupled feeding technique. The 

antenna gain is enhanced by using a highly-reflective FSS superstrate layer, for an antenna gain 

enhancement of 11 dB. The implemented antenna acquired a measured gain of about 17.78 dBi at 

28 GHz with a 9% bandwidth, and radiation efficiency of 90%. In addition, the bandwidth of the 

proposed antenna is improved by using two printed sided unit cell to provide positive phase 

gradient over the desired frequency range. The antenna impedance bandwidth is broadened, and 

the measured impedance matching S11 has a 15.54 % bandwidth instead of only 9% while 

maintaining a high gain characteristic of about 15.4 dBi. The implemented antenna presents good 

radiation performance with good agreement between the measured and simulated results. The 

proposed antenna is a very good candidate for MMW wireless communications thanks to its 

attractive advantages such as low profile, low cost, light weight, small size, and ease of 

implementation. 

5.4.1 Antenna Design 

The geometry and the prototype of a single square DD patch antenna with the FSS superstrate layer 

are illustrated in Fig. 5.1. The square DD patch, with a relative permittivity of 82, has a very low 

profile with a length Lp=4.5 mm, and a height Hp=0.15 mm. The DD patch is designed on a Rogers 

Duriod 6002 (εr=2.94 and tanδ=0.0009) substrate (top layer) with thickness h1=20 mil. The bottom 

substrate is a Rogers RT 3010 (εr=10.2 and tanδ=0.0023) with the same thickness as the top substrate. 

The two substrates have the same length and width (L=W=32 mm). A 50 Ω microstrip line is located 
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on the bottom side of the bottom substrate, with Lf =16 mm and Wf =0.39 mm. The aperture coupling 

feed method is used to excite the DD patch antenna. The coupling slot on the common ground plane 

between the two layers has a length LS=3.571 mm and width WS=0.2 mm. An FSS of 7×7 cells is 

implemented on the bottom side of the superstrate dielectric layer, which has a relative permittivity 

of 2.2 and thickness hS =0.787 mm. The FSS superstrate is applied over the DD patch antenna at an 

air gap of d=5.35 mm. 

 

 

 

 

 

 

 

                                                                                     (a) 

 

 

 

 

 

 

 

                                                                                        

(b) 

Figure 5.1: The geometry of the proposed antenna (a), and the prototype of the fabricated antenna (b) [91]. 
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5.4.2 Highly Reflective Unit Cell Design 

      
 

 

 

 

 

 

 

 

 

Figure 5.2:  Bottom side of the FSS superstrate, and the geometry of the proposed unit cell [91]. 

 

The implemented unit cell was designed and studied. The geometry of the FSS utilized as the 

superstrate layer is depicted in Fig. 5.2. It was implemented on a Rogers duroid 5880 (εr=2.2 and 

tanδ=0.0009) with thickness h=0.787 mm. The final dimensions of the proposed unit cell are: a = 4 

mm, b = 4 mm, hs = 0.787 mm, r1 = 1.9 mm, r2 = 0.94 mm, s = 0.77 mm, and g = 0.3 mm. The FSS 

unit cell characteristics vs. frequency are shown in Fig. 5.3. They indicate that the DD patch gain 

can be enhanced if the FSS reflection magnitude increases to unity. Therefore, the requirements of 

a flat reflection phase and high reflection magnitude should be targeted in order to have an FSS 

superstrate with good performance. The directivity D can be obtained from the magnitude of the 

reflection coefficient FSSG in the broadside direction (θ = 0), as given below [142]: 

 

𝐷 = 10 log (
1 + |𝛤𝐹𝑆𝑆|

1 − |𝛤𝐹𝑆𝑆|
)                                                   (5.1) 

 

Equation (5.1) shows that the directivity increases significantly as the magnitude of the reflection 

coefficient increases. Therefore, in order to achieve high gain performance, a high reflection 

magnitude should be achieved within the design frequency. The superstrate of a set of highly 

reflective FSS unit cells acts as a lens, allowing a high reflection magnitude to be achieved inside 

the antenna’s resonant cavity and thus obtain a high gain for the antenna. 
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Figure 5.3: Performance of the proposed unit cell [91]. 

 

To validate the simulated results, a DD patch antenna with a highly reflective superstrate was 

fabricated and measured. The implemented antenna was studied and simulated using the CST full-

wave electromagnetic simulation tool. Fig. 5.4 shows the measured and the simulated return losses 

of the proposed antenna, with an impedance matching bandwidth of around 9%. It can be seen that 

there is quite a discrepancy between the measured and the simulated results, even though they do 

follow the same pattern. The relative permittivity for all dielectric layers is given at 10 GHz in the 

manufacture’s data sheet.  Accordingly, the value of εr is altered at the MMW bands and may cause 

a shift in the design frequency [6], [19]. This antenna’s high measured gain of about 17.78 dBi at 28 

GHz and radiation efficiency of almost 90% are shown in Fig. 5.5. 
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Figure 5.4: Reflection coefficient of the DD patch antenna with a positive reflection phase unit cell [91]. 

 

 

 

 

 

 

 

                                                                                       (a) 

         

                                                                               (b) 

Figure 5.5: Simulated and measured gain (a), and simulated radiation efficiency (b) of the proposed antenna 

[91]. 
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Fig. 5.6 shows the E- and H-plane simulated and measured radiation patterns of the proposed square 

DD patch antenna with a highly reflective superstrate at 28 GHz and at 29 GHz, indicating that the 

antenna provides good radiation patterns and low side lobe levels (SLLs). The SLLs are below -15 

dB at 28 GHz (the design frequency) and then increase somewhat as the frequency is increased to 

29 GHz.  

 

   

                               

 

 

 

 

     

 

 

Figure 5.6: E- and H-plane radiation patterns of the proposed antenna at 28 GHz and 29 GHz [91]. 
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5.5 Design of a Unit Cell with a Positive Phase Gradient 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Geometry of the proposed unit cell: (a) top view, (b) side view, and (c) characterization model 

of the unit cell [91]. 

 

Since the DD patch antenna with a highly reflective FSS superstrate provided only a 9% bandwidth 

improvement, a new unit cell is proposed to broaden the antenna bandwidth while maintaining the 

high gain.  This section presents the design procedure of a unit cell that provides a positive reflection 

phase gradient to be utilized as a superstrate of the high DD patch antenna. Adding a strip on the 

bottom side of the FSS along with E-field direction plays a significant role in changing the 

permittivity of the FSS substrate to extend the reflection phase. 

 In general, a partially reflective surface (PRS) can be defined as periodic arrays of metallic unit cells 

printed on either one or both sides of a dielectric material. The FSS superstrate is usually applied at 

a distance d of about half a wavelength (the air gap) above the antenna source; the high DD patch 

antenna in this design. Multiple reflections are generated between the PRS surface and the ground 

plane. These lead to constructive interference and enhance the gain of the antenna towards the 

(a) 

(b) 

(c) 
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broadside direction when the air gap between the FSS superstrate and the ground plane is equal to d 

[86]: 

𝑑 =
𝜆

2
∗ (

𝛷

2𝜋
+ 0.5) + 𝑁 ∗ ( 

𝜆

2 
 )                               (5.2) 

 

where Φ is the reflection phase of the PRS, λ is the free space wavelength, and N is the mode order. 

Equation (5.2) can be rewritten in the following form to give the optimum phase where the PRS and 

the ground plane are assumed to be infinite and the air gap distance d=5.7 mm: 

𝛷 =
4𝜋𝑑

𝑐
∗ 𝑓 − (2𝑁 − 1)𝜋                                      (5.3) 

 

Equation (5.3) reveals how a higher gain can be achieved by obtaining a positive reflection phase 

gradient Φ over the entire desired operating frequency. Both of the unit cells are designed and 

simulated using the CST full-wave electromagnetic simulation tool. Boundary conditions are 

applied to the four side walls of the unit cells, as shown in Fig. 5.7(c). Normal incidence is applied, 

and the incident electric field is polarized along the direction of the bottom strip.  

  The unit cell is designed to generate a positive phase gradient. This requires a two-sided printed 

unit cell, as shown in Fig. 5.7. The bottom side of the unit cell is almost the same as that of the highly 

reflective unit cell utilized above. The top part is the strip line designed to be parallel with the E-

field to create a positive reflection phase gradient. The positive reflection phase unit cell is printed 

on a Rogers RT/duroid 5880 (εr = 2.2 and tanδ = 0.0009) substrate with a thickness of 0.31 mil and 

a periodicity of p = 3.78 mm. A full-wave electromagnetic simulation tool (CST Microwave Studio) 

was used to design the proposed unit cell. After optimization, the final dimensions of the two-sided 

printed unit cell were obtained: a = 3.78 mm, b = 3.78 mm, hS = 0.787 mm, r1 = 1.71 mm, r2 = 0.85 

mm, s = 0.69 mm, g = 0.27 mm, Sw = 0.54 mm, SL = 3.15 mm for the bottom. Fig. 5.8 shows the 

phase and magnitude of the reflection coefficient of the unit cell when the plane wave is incident 

normally on the bottom side of the unit cell.     
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(a) 

 

(b) 

Figure 5.8: The magnitude (a), and reflection phase (b) of the proposed unit cell [91]. 

 

As shown in Fig. 5.8, the proposed unit cell produces a phase that closely resembles the optimum 

phase in its positive gradient within the operating frequency. A parametric study was conducted to 

evaluate the effect of certain design parameters, such as SL and Sw, on the unit cell performance. 

Figs. 5.9 and 5.10 clearly show that both SL and Sw have an impact on the phase gradient and on the 

reflection coefficient. Both the reflection magnitude and phase of the proposed unit cell are shifted 

toward lower frequencies as SL is increased, and vice versa. As SL increases, the reflection magnitude 

decreases, moving away from the designed frequency band. This results in a low gain antenna with 

a disrupted bandwidth, while a high reflection magnitude with positive phase gradient is required to 

achieve a high gain antenna with wide bandwidth. The parameter Sw has little impact on the unit 

cell’s performance. 
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(a) 

 

(b) 

Figure 5.9: Effect of the SL parameter on the unit cell performance: reflection magnitude (a), and reflection 

phase (b) [91]. 
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(a) 

 

(b) 

Figure 5.10:  Effect of the Sw parameter on the unit cell performance: reflection magnitude (a), and 

reflection phase (b) [91]. 

 

 

 

5.5.1 Antenna Performance 

To verify the simulated results, a square DD patch antenna with an FSS superstrate based on the 

positive reflection phase gradient was fabricated and tested, as depicted in Fig. 5.11. 

 

 

 

25 26 27 28 29 30 31 32
-190

-180

-170

-160

-150

-140

-130

-120

-110

Frequency ( GHz )

R
ef

le
ct

io
n 

P
ha

se
 (

 D
eg

 )

 

 

Optimum phase

S
w
= 0.45 mm

S
w
=0.54 mm

S
w
= 0.63 mm

25 26 27 28 29 30 31 32
0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency ( GHz )

R
ef

le
ct

io
n 

m
ag

ni
tu

de

 

 

S
w
= 0.45 mm

S
w
= 0.54 mm

S
w
= 0.63 mm



75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11: Geometry of the proposed antenna with PRP unit cells: (a) side view, (b) top and bottom of 

the superstrate [91]. 

 

The simulated and measured return losses of the proposed antenna are shown in Fig. 5.12. These 

exhibit a 15.54 % wider bandwidth compared to the 9 % bandwidth for the DD patch with a highly 

reflective unit cell superstrate. The simulated and measured gain together with the simulated 

radiation efficiency of the proposed antenna are plotted in Fig. 5.13. The results show a good 

agreement between the measured and the simulated antenna gain.  An almost 14 dBi gain was 

obtained over the operating band, where the maximum gain is about 15.4 dBi at 29 GHz. The 

simulated radiation efficiency of the antenna is about 90% over the whole bandwidth. There are 

some antenna parameters that could affect the antenna performance, such as the air gap d. It was 

found that d has a significant effect on the antenna resonance and less effect on the antenna gain. As 

d increases the resonance frequency is shifted down and vice versa.  The E- field distribution of the 

DD patch antenna with a positive phase gradient superstrate is illustrated in Fig. 5.14. 

 

 

 

 

 

(a) 

(b) 
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Figure 5.12:  Reflection coefficient of the DD patch antenna with a positive reflection phase superstrate 

[91]. 

 

(a) 

 

(b) 

Figure 5.13: Gain (a) and radiation efficiency (b) of the DD patch antenna with a positive phase gradient 

unit cell [91]. 
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Figure 5.14: E-field distribution of the DD patch antenna with a positive phase at 28 GHz: Bottom of the 

superstrate (a), and top of the superstrate (b) [91]. 

 

Fig. 5.15 shows the simulated and measured radiation patterns of the proposed square DD patch 

antenna with a positive phase gradient superstrate at 26, 27, 28, and 29 GHz. A good agreement is 

obtained between the measured and the simulated results. Therefore, the side lobe levels can be 

assumed to be better (overall) at all frequencies within the antenna band, except for the E-plane at 

29 GHz and 30 GHz (not shown here). These exceptions are due to the multiple reflections that 

become greater at higher frequencies. 
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Figure 5.15: E- and H-plane radiation pattern of the DD patch with a positive phase superstrate at four 

different frequencies [91]. 

 

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-30

-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulated

Measured

E-plane at 27 GHz

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulated

Measured

H-plane at 27 GHz

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-30

-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulation

Measured

E-plane at 28 GHz

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-30

-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulated

Measured

H-plane at 28 GHz

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-35

-30

-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulated

Measured

E-plane at 29 GHz

-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
-30

-25

-20

-15

-10

-5

0

Theta ( Deg )

d
 B

 

 

Simulated

Measured

H-plane at 29 GHz



79 
 

Table 5-1 compares the proposed designs to several published works, highlighting the improved 

performance of the proposed antenna. The proposed antenna provides a good performance in terms 

of gain and 3-dB gain bandwidth compared to other relevant works. Fig. 5.16 is a photograph of 

the proposed antenna prototype. 

 

 

 

 

 

 

 

 

Figure 5.16: The prototype of the proposed antenna [91]. 

 

 

Table 5-1: Performance comparison of our proposed design with designs in the literature. 

 
 

Ref. No Freq. 

(GHz) 

Max. Gain 

(dBi) 

3dB Gain  

BW 

% 

Substrate Type Antenna  

element 

[109] 30 15 10 FSS ( one layer) DRA 

[86] 60 16 12.2 FSS( Two layers) Slot antenna 

[143] 13.7 16.3 10.9 FSS (Three layers) Slot antenna 

This 

work 

28 17.78 9 FSS(highly reflective, one 

layer) 

DD patch Antenna 

28 15.4 15.5 FSS (Positive phase gradient, 

one layer) 

DD patch Antenna 
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Chapter 6  Millimetre Wave SIW Slotted Cavity Antenna 

6.1 Introduction  

The demand for low profile high gain antennas continues to climb. This demand is a driving force 

in research and development in communication technology and in the development of the next 

generation of wireless communication (5G) [144]. Slot antennas have become the most widely used 

antennas in millimeter-wave communication, thanks to their desirable characteristics such as low 

profile, high gain, and conformability to planar or curved surfaces [145].  

Recently, the substrate integrated waveguide (SIW) concept has been more widely used than the 

conventional waveguide approach in antenna design. It offers many attractive advantages including 

the possibility to integrate all of the components on the same substrate, low insertion loss, and a 

low profile [146]. At millimeter-wave (MMW) frequencies, high gain antennas are required to 

overcome the signal attenuation due to oxygen molecules’ absorption [77]. To compensate for these 

losses, some approaches to increase the antenna gain at the ka band have been developed [147, 

148].   

This chapter presents a low-profile high gain slotted SIW cavity antenna. The antenna is designed 

based on SIW technology with a substrate layer using a higher-order mode (TE440) operating at 28 

GHz. The TE440 mode is generated by exciting the cavity with a coaxial probe to distribute the 

energy and avoid using a lossy feed network. The proposed antenna offers high gain and high 

radiation efficiency with compact size and a simple feed. This chapter also presents a circularly-

polarized (CP) substrate integrated waveguide (SIW) cavity antenna. A linearly polarized (LP) 

SIW cavity antenna is loaded with a linear-to-circular polarization converter, producing a high 

gain circularly-polarized SIW cavity antenna. The proposed antenna is designed to fulfill the 

requirements of future wireless communication for short range applications. These requirements 

include a high gain, high radiation efficiency, low side-lobe levels, easy of fabrication and a low 

profile. 
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6.2 High Gain LP/CP of an SIW Cavity Antenna based on a High Order Mode and a 

Linear-to-Circular Polarization Converter 

A high gain low profile linearly-polarized Substrate Integrated Waveguide (SIW) cavity antenna 

is proposed using a TE440 high order mode. This antenna is simply excited by a coaxial probe. A 

linear-to-circular converter is then utilized to achieve circular polarization (CP), resulting in a 

circularly polarized SIW cavity antenna. This low profile, lightweight antenna offers both left- and 

right-hand circular polarization. The implemented antenna exhibits a measured gain of almost 16 

dBi and radiation efficiency of about 96 % with good measured return loss. Its measured axial 

ratio is slightly less than 1.6 dB, and the antenna shows a good performance radiation pattern. The 

measured and simulated results show a good agreement. This antenna is considered as an 

appropriate candidate for use in future fifth-generation (5G) wireless systems.  

6.2.1 Linearly-polarized SIW Cavity Antenna Design 

 

 

 

 

  

                        

                         (a)                                                                                      (b) 

Figure 6.1: Geometry of the proposed antenna: (a) top view; (b) side view [71]. 

 

 A compact square cavity antenna with SIW vias and length L was designed and implemented on a 

single substrate as shown in Fig. 6.1. The four side walls of the cavity are constructed from a number 

of metallic vias with a diameter of D and spacing of P. The square cavity was implemented using 

an RT/Duroid 5880 substrate with thickness h= 0.508 mm (εr = 2.2, tanδ = 0.0009). Probe feeding 

was used to excite the cavity and at the point (Fx, Fy). The outer conductor of the coaxial probe is 

connected to the bottom metal, which is the ground, and the inner conductor is connected to the top 

metal surface of the cavity. 



82 
 

The simulated structure shows 4×4 slots etched on the top of the cavity with length SL and width 

SW. These sub array slots are spaced at a half-waveguide wavelength, which introduces a 180ο 

change of phase and to add another 180ο the slots are placed alternatively to the opposite sides of 

the centerline resulting in in-phase radiation by the slots. This configuration thus provides a 

broadside radiation pattern for this slotted cavity antenna. The optimized parameters are listed in 

Table 6-1. 

 

Table 6-1: The optimized parameters of the Linearly-polarized SIW cavity antenna. 

 

Parameters LC L P D SL Sw Fx Fy 

Value (mm) 22.9 23.15 1.04 0.7 4.44 0.97 -2.12 1.9 

 

6.2.1.1 Simulated Results 

 

The proposed antenna was studied and simulated using the CST and HFSS software packages. The 

antenna’s reflection coefficient is depicted in Fig. 6.2. It can be observed that the return loss (S11 

< -10dB) is reasonable with a bandwidth of almost 4.6%. Fig. 6.3 shows the antenna’s gain and 

the radiation efficiency, indicating that the gain is as high as 16.4 dBi (achieved at 28 GHz) in the 

middle of the band. Moreover, it is clear that the radiation efficiency is about 98% 

 

Figure 6.2: Simulated reflection coefficient of the LP SIW cavity antenna [71]. 
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(a) 

 

(b) 

Figure 6.3: Simulated gain (a), and radiation efficiency (b) of the LP SIW cavity antenna [71]. 

The LP SIW cavity antenna’s E- and H-plane radiation patterns are shown in Fig. 6.4. It can be 

observed that the E-plane beamwidth and the H-plane beamwidth are almost the same. The 

sidelobe levels (SLLs) in the E-plane are < -14 dB, whereas in the H-plane they are < - 17dB at 28 

GHz. There is an obvious agreement between the CST and HFSS results for both the E- and the 

H-plane.   
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Figure 6.4: The E- and H-plane radiation patterns of the LP SIW cavity antenna [71].  

  

6.2.2 Circularly-polarized SIW Cavity Antenna Design 

 

Wireless communication systems are in high demand for potential fifth generation (5G) 

millimeter-wave (MMW) applications. Low profile, high gain, compact, and circularly-polarized 

antennas are strongly required in millimeter wave systems [4]. At the MMW frequency band, air 

attenuation occurs due to the absorption of oxygen molecules. High gain antennas are therefore 

are required to overcome signal attenuation.  At 30 GHz, a circularly polarized antenna is very 

attractive for its ability to suppress multipath interference and to reduce polarization mismatch 

[149]. A number of studies have focused on realizing circular polarization with high gain 

performance [123]-[126].  
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Figure 6.5:  Geometry of the proposed CP SIW cavity antenna: (a) top view of the converter, (b) top view 

of the slotted SIW cavity, and (c) side view [71]. 

 

Fig. 6.5 shows the structure of the proposed high gain circularly-polarized slotted SIW cavity 

antenna. The planar bottom layer square cavity is constructed by metallic via arrays with a diameter 

of D and spacing of P with total length Lc on a Rogers//Duroid 5880 substrate with thickness h= 

20 mils (εr = 2.2, tanδ = 0.0009). The polarization converter’s top layer has a number of dipoles 

on the top side of a second substrate with the same specifications as the cavity substrate. A feeding 

probe located at the point (x=-2.12, y=1.9) is used to excite the cavity. Simulated using CST 

Microwave Studio simulator, the structure shows electric field distribution for the TE440 mode at 

28 GHz inside the SIW cavity.  The 4×4 standing wave electric peaks distributed inside the SIW 

(c) 

(b) (a) 
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cavity are illustrated in Fig. 6.6. Based on these peaks, 4×4 slots are cut on the top metal plate of 

the cavity, where each slot is placed above each standing wave peak. The E-field distributed in the 

two adjacent standing waves are out of phase. Therefore, the distance between each two slots in 

each sub-array is a half-waveguide wavelength, introducing a 180ο phase change, and placed 

alternately on the other side of the center line. As a result, the antenna can radiate in-phase in 

broadside direction. 

 

 

Figure 6.6: Distribution of the magnitude of the E-field for the TE440 mode at 28 GHz inside the CP SIW 

cavity [71]. 

 

The circularly-polarized SIW slotted cavity antenna is achieved by adding a substrate layer with 

the same specifications as the dipoles above the slotted cavity, separated by an air gap (d=1mm). 

The number of dipoles is the same as the number of slots, and each dipole is placed directly above 

a slot. Since the antenna radiates right hand circularly-polarized, left hand circularly-polarized 

waves can be achieved by rotating the upper substrate with its dipoles by 90ο, known as a linear-

to-circular polarization converter. The optimized parameters are listed in Table 6-2.  
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Table 6-2: The optimized parameters of the circularly-polarized SIW cavity antenna. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.7 shows the top and bottom views of the fabricated prototypes. Plastic screws and foam 

material are used to maintain 1 mm spacing between the antenna and the converter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Prototype of the fabricated CP SIW cavity antenna. (a) Top of the antenna and convertor, and 

(b) side view [71]. 
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6.2.2.1 Parametric Study 

 

A parametric study was conducted to study the effect of some of the significant parameters of the 

implemented CP SIW cavity antenna using CST Microwave Studio. As shown in Fig. 6.8, the 

distance d between the antenna and the converter has some effect on the antenna resonance 

frequency. Dipole length dL has an enormous influence on the axial ratio and a small effect on the 

antenna impedance matching. As can be seen from Fig. 6.9, resonance frequency decreases with 

increasing dL and vice versa, as well as, the axial ratio. The dipole width dW has a minor effect on 

the antenna axial ratio and on the antenna input impedance. Furthermore, altering the above-

mentioned parameters has a minor effect on the gain of the proposed antenna, which was kept 

close to 16 dBi. 

6.2.2.2 Simulated and Measured Results 

 

The proposed CP SIW cavity antenna was fabricated and tested. Fig. 6.10 shows the measured and 

simulated reflection coefficient of the proposed antenna. It can be seen that the antenna has a good 

return loss (S11 < -10dB) with about 4.6% bandwidth. 

 

(a)                                                                       (b) 

Figure 6.8: Simulated return loss (a) and axial ratio (b) of the proposed CP SIW cavity antenna considering 

the effect of varying the distance between the antenna and converter [71]. 
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                                         (a)                                                                                 (b) 

Figure 6.9: Simulated return loss (a) and axial ratio (b) of the proposed CP SIW cavity antenna considering 

the effect of varying the dipole length [71]. 

 

 

Figure 6.10: Simulated and measured reflection coefficient of the proposed CP SIW cavity antenna [71]. 

The simulated and measured gain and axial ratio of the implemented antenna are depicted in Fig. 

6.11. As can be seen, the measured and simulated results of the antenna gain are in very good 

agreement. The peak gain value is about 16 dBi. The measured axial ratio (AR) bandwidth shows 

better performance compared to the simulated results. As shown in both Figs. 6.10 and 6.11b, there 

is a similar frequency shift in the resonance frequency of the CST and HFSS results. Moreover, 

the axial ratio is kept within the range between 1.3 dB to 1.6 dB.  

26.5 27 27.5 28 28.5 29 29.5
-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency ( GHz )

S
 1

 1
 (

 d
 B

 )

 

 

dL= 3.34 mm

dL= 3.54 mm

dL= 3.74 mm

26.5 27 27.5 28 28.5 29 29.5
0

1

2

3

4

5

6

Frequency ( GHz )

A
 R

 (
 d

 B
 )

 

 

dL= 3.34 mm

dL= 3.54 mm

dL= 3.74 mm

26.5 27 27.5 28 28.5 29 29.5
-45

-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency ( GHz )

S
 1

 1
 (

 d
 B

 )

 

 

Simulated ( CST )

Simulated ( HFSS )

Measured



90 
 

 

(a) 

 

(b) 

Figure 6.11: Simulated and measured gain (a) and axial ratio (b) of the CP SIW cavity antenna [71].  

Fig. 6.12 shows the measured and simulated E- and H-plane patterns of the proposed antenna. The 

measured sidelobe level (SLL) at 28 GHz in the E-plane is < -14 dB, and it is < - 16 dB the H-

plane.   Both values are close to the simulated results. The level of cross polarization of the 

proposed antenna is less than -23 dB. It can be concluded that the proposed CP SIW cavity antenna 

has a good radiation pattern and that there is a good agreement between the measured and 

simulated results. From Fig. 6.12 there is obviously a near symmetry in the antenna E-plane pattern 

because of the symmetry of the proposed antenna structure. 
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Figure 6.12: Radiation pattern of the proposed CP SIW cavity antenna [71]. 
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Chapter 7  Conclusion and Future work 

7.1 Conclusion 

At millimeter-wave (MMW) frequencies, the losses associated with wireless links and systems are 

significant and must be overcome when designing high-performance wireless systems. A high-

gain antenna is required to compensate for the overall loss in MMW wireless communication 

systems. 

The Fabry-Pérot Cavity (FPC) antenna has been introduced as an antenna that is capable of 

providing a high gain and wide bandwidth using different types of superstrates. FPC antennas have 

attracted the attention of researchers due to its several attractive features and been determined to 

be a suitable candidate for communication system applications. The Highly-Directive Fabry-Pérot-

type antenna is a good solution for obtaining a high gain and a wide bandwidth that can address 

the multiple challenges of high losses at the millimeter wave spectrum and   limited bandwidth, 

neither of which is acceptable for future wireless communications. Some of the attractive 

characteristics that distinguish FPC antennas are their low profile, planar configuration, and ease 

of fabrication. Fabry-Pérot cavity antennas based on partially reflective surfaces (PRSs) which act 

as lenses are investigated in this thesis to fulfill the growing demand for broadband high-gain 

antennas.  

Chapter 2 provides a literature review and a brief history of Fabry-Pérot cavity antennas along 

with different practical applications. 

A high gain broadband 2×2 square high dense dielectric patch antenna is implemented in chapter 

3. The antenna gain and bandwidth are enhanced using two different partially-reflective surfaces: 

a single-layer perforated superstrate and a superstrate composed of two thin perforated layers. The 

latter, a partially reflective surface (PRS) of two thin perforated dielectric substrate layers, was 

designed to create a positive reflection phase gradient with high reflection magnitude. Both 

superstrates are applied over the DD patch antenna array, and both antenna designs exhibit good 

performance. The first design has a 3 dB gain bandwidth of about 15.35% and antenna gain of 16 

dBi, and the second design has a 3 dB gain bandwidth of about 27 % and a high simulated gain of 

16.8 dBi. At all operating frequency bands, the proposed antennas have a good radiation 

performance with SLL values in both the E- and the H-planes. 
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In Chapter 4, a tapered unprinted dielectric superstrate covering a square high dense dielectric 

patch antenna is simulated, fabricated, and tested. The permittivity is altered to be high in the 

superstrate’s center and low at the edges to compensate the phase along the superstrate. The 

antenna exhibits a 3 dB gain bandwidth of about 16%. An almost flat high measured gain of 17.6 

dBi and simulated radiation efficiency of close to 92% are achieved. The antenna gain and 

radiation efficiency are almost flat over the antenna’s bandwidth. The proposed antenna has a good 

radiation performance with promised SLL values in the E- and the H-planes. Furthermore, the 

antenna beam is steered from -30o to 30o using the proposed tapered superstrate, with good 

performance in terms of gain and side lobe levels. 

In Chapter 5, a linearly polarized low-profile square dense dielectric (DD) patch antenna with gain 

and bandwidth enhancement using a frequency selective surface (FSS) superstrate layer is presented. 

Two different FSS superstrates are utilized to enhance the gain and bandwidth. The DD patch 

antenna is covered by a set of highly reflective planar unit cells, realizing a gain enhancement of 11 

dBi. The implemented antenna acquired a measured gain of about 17.78 dBi at 28 GHz with a 9% 

bandwidth. In addition, a superstrate layer of a positive reflection phase unit cells was designed to 

improve the antenna bandwidth. Using this superstrate resulted in a 6% bandwidth enhancement. 

Chapter 6 introduced MMW high gain low profile linearly- and circularly-polarized slotted cavity 

antennas based on SIW technology. The CP cavity antenna has a good return loss, axial ratio, and 

high gain of 16 dBi. Furthermore, the proposed antenna has a good radiation performance with 

SLLs of less than -14 dB in the E-plane and less than -16 dB in the H-plane. A simple converter 

allows this antenna to switch between linear and circular polarization. The measured and simulated 

results are in very good agreement. 

7.2 Future Work  

The recommendations and suggestions for future work can be summarized as follows: 

A high gain dual band antenna can be achieved using a single layer reflection-type surface based 

on the frequency selective surface (FSS) technology. Its configuration has a log periodic shape, 

and it can enhance the antenna gain at two different frequency bands. Another approach for the 

type of antenna is to utilize this unit cell, thereby broadening the antenna bandwidth and enhancing 



94 
 

the gain. A multi-layer dielectric superstrate with different dielectric constants placed directly 

above each other can also be used to realize a high gain dual band of FPC antenna.  

The gain of a linearly-polarized SIW cavity antenna can be enhanced by utilizing a unit cell based 

on FSS technology to act as an FSS superstrate and cover all of the antenna slots. 
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