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ABSTRACT 

  This thesis endeavours to enhance the performance of terahertz antennas for 

communication and sensing applications. In pursuit of this objective, the thesis 

presents the design of two integrated dielectric leaky wave antennas (LWAs) operating 

in the sub-terahertz band. It includes the design of a H-band Dirac leaky wave antenna 

(DLWA) constructed from micromachined silicon, which is suitable for beam scanning 

applications. Additionally, the research encompasses a H-band direct laser written 

polymer Fabry-Perot cavity antenna (FPCA), designed for stable beam pointing 

applications. 

  In this thesis, the proposed DLWA represents the first instance of a sub-terahertz 

band all-dielectric DLWA featuring a closed bandgap. The all-dielectric unit cell exploits 

accidental degeneracy (i.e. frequency-balancing) to achieve suppression of the open 

stopband at broadside radiation. Through dispersion analysis of the unit cell, the 

radiation aperture is tapered with a Taylor amplitude distribution to achieve a sidelobe 

level (SLL) less than -30 dB at the center frequency while keeps the open stopband 

suppressed. The DLWA proposed in this thesis exhibits a fan-beam radiation pattern, 

low sidelobe levels (SLLs), and high aperture efficiency across the entire WR-3 

frequency band. To mitigate Ohmic losses and enhance total efficiency, the antenna 

was fabricated using through-hole deep reactive ion etching (DRIE) on a high resistivity 

silicon wafer. The fabricated prototype of the DLWA has been measured, providing 

further validation for the proposed design. 

  Additionally, for the first time, an all-dielectric direct laser written FPCA operating at 



WR-3 band is proposed. Leaky wave analysis and transvers resonance method is used 

for the unit cell design. For a wider working bandwidth, the resonance unit cell of the 

FPCA’s partial reflective dielectric surface is tapered. Additionally, the total quality 

factor of the FPCA's resonance cavity is carefully adjusted to optimize gain while 

minimizing dielectric losses attributed to the photoresin. A standard UG-387/U flange 

shim is fabricated to integrate the FPCA with open-ended waveguide and evaluate the 

performance of the FPCA. After the measurement of the fabricated prototype of the 

FPCA, it was confirmed that the innovative design eliminates the need for additional 

iris and matching metal layers. This achievement leads to good impedance matching 

and a high 3 dB gain bandwidth product (GBWP), surpassing the performance of 

similar antennas reported in previous publications.  

  Finally, this thesis discusses the remaining issues and future work plans for the two 

antenna designs proposed. 
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Chapter 1 

 

1Introduction 

  The terahertz frequency band, generally accepted as the frequency range from 100 

GHz to 10 THz, occupies a unique position between the microwave and infrared bands 

in the electromagnetic spectrum [1]. In recent years, the terahertz band has emerged 

as a pivotal frontier in technological advancement, attracting significant attention in 

various research and application domains. Its potential has been explored in fields 

such as imaging, where it offers non-destructive inspection capabilities with 

applications ranging from security screening to medical diagnostics [2-5]. In 

spectroscopy, the terahertz band enables the detection and analysis of chemical and 

biological substances with unprecedented precision, which has implications for 

environmental monitoring, food contamination testing and pharmaceuticals [6-8]. 

Furthermore, the promise it holds for communication systems is immense, especially 

in the development of high-speed wireless networks, which could revolutionize data 

transmission by offering significantly higher speeds and capacities compared to current 

technologies [9-13]. 

  Terahertz imaging systems provide higher spatial resolution than imaging systems 

operating in lower-frequency bands, due to their shorter operating wavelengths and 

therefore smaller diffraction-limited spot size [14]. Compared with imaging systems 

operating in the optical and infrared bands, terahertz imaging systems offer certain 
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advantages such as higher penetration depth through clothes and common packaging 

materials [14], making them more suitable for non-destructive inspection [15].  

  Terahertz imaging can be categorized into two distinct types: active imaging and 

passive imaging [16]. In terahertz active imaging systems, terahertz waves are emitted 

from a source, often via an antenna, then propagate through or scatter off the object 

being imaged. The attenuated terahertz radiation that is then received is processed 

and interpreted for the reconstruction of the image [17]. To achieve enhanced imaging 

resolution, an antenna with high directivity is often essential. Moreover, in order to 

mitigate shadowing or interference effects in single-frequency imaging systems, the 

object is typically illuminated at different frequencies. Consequently, an antenna with a 

moderate bandwidth becomes necessary [15]. 

  Terahertz active imaging systems offer advantages in biomedical imaging due to their 

non-ionizing nature, unlike higher frequency waves such as X-rays, which can be 

harmful. Due to their lower photon energy, terahertz waves are safer for the human 

body. In biomedical research, this has led to their increasing application in skin cancer 

screening [18, 19], and breast cancer diagnosis [3, 20, 21]. Their capability to provide 

high-resolution imaging of cancerous tissues offers invaluable insights for medical 

professionals, establishing them as a promising tool in medical diagnostics. 

  Blackbody radiation emitted by the human body compared with other materials such 

as metals, show distinct contrast in the terahertz band due to minor temperature or 

emissivity differences. This characteristic allows passive detection and imaging of 

terahertz radiation to identify concealed contraband [22]. Consequently, beyond its 

medical applications, terahertz imaging has also gained significance in airport security 

screening, enabling rapid and reliable detection of concealed weapons [4]. The passive 
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terahertz imaging security inspection system, developed by Thruvision [23-25], for 

example, has been successfully deployed in several European airports, demonstrating 

the capacity to process up to 1,800 passengers per hour. 

  Terahertz spectroscopy uncovers distinctive absorption peaks in a range of 

substances, thereby underscoring its viability for substance identification. This method 

proves particularly efficacious, given that many polar molecules display specific 

terahertz energy absorption patterns that are indicative of their intermolecular activities 

[8]. In order to precisely capture the responses across a wideband spectrum, wideband 

terahertz antennas are essential for terahertz spectroscopy applications. Utilizing a 

comprehensive spectral fingerprint database, a foremost application of terahertz 

waves is the discernment of different compound compositions, capitalizing on these 

unique spectral properties for precise analysis. Consequently, an emerging area of 

application for the terahertz band lies in the detection of contamination in food and 

water. By utilizing terahertz non-destructive detection technology, it is possible to 

identify microbial pollutants in water and food [26], thereby addressing increasing 

concerns about food safety amid environmental pollution challenges. Furthermore, 

terahertz spectroscopy enables the precise identification of various gas components 

in mixed gases [27]. In pharmaceutical applications, terahertz spectroscopy serves 

diverse functions, including the differentiation and quantification of polymorphs and 

hydrates, solid state analysis, and real-time assessment of tablet coatings, both in 

quantification and dissolution [8].  

  In the era of digital transformation, the demand for effective information transmission 

has significantly increased, necessitating advancements in technology and 

communication strategies. Building upon Shannon's information theory, it is 
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understood that communication systems can be enhanced by expanding the 

bandwidth utilized within the spectrum. This expansion allows for greater data 

throughput by accommodating more frequencies for transmission, although it is 

important to consider factors like signal-to-noise ratio and modulation techniques for 

optimal performance [28]. To meet this demand, 5G+ technologies are evolving and 

leveraging the millimetre-wave spectrum. In order to further expand the spectral 

capacity, the IEEE introduced the 802.15.3d standard in 2017 to include the terahertz 

band for 6G wireless communication [9]. Building on this momentum, at the World 

Radio Conference 2019, a bandwidth of 160 GHz within the range of 275 GHz to 460 

GHz was allocated for wireless communication by land mobile and fixed services [29]. 

  However, in the terahertz frequency range, electromagnetic wave transmission 

attenuation presents a significant challenge for widespread practical deployment. The 

predominant cause of this attenuation is the free-space path loss (FSPL). As the waves 

propagate, their energy spreads over a larger area due to diffraction, leading to further 

loss at the receiver. The FSPL is determined by the equation [30]: 

 
FSPL = 20 log10(

4𝜋𝑑

𝜆
)         (1.1) 

In this context, 𝑑 designates the propagation distance of the electromagnetic wave in 

free-space, while 𝜆 denotes its wavelength. As inferred from 1.1, an increase in the 

frequency of the electromagnetic wave, for a given distance, results in a corresponding 

increase in FSPL. Consequently, in the terahertz frequency band, the FSPL during 

electromagnetic wave transmission is greater than that of the millimetre wave 

frequency band. 
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Figure 1.1. Frequency-dependent atmospheric attenuation rate in standard atmospheric condition, data 

from [31]. 

  In addition to FSPL, atmospheric molecules, including water vapor and oxygen, 

contribute to the attenuation of electromagnetic wave propagation [30-33]. Figure 1.1 

shows the attenuation characteristics of electromagnetic waves in the millimeter wave 

and sub-THz bands for each kilometer of propagation under standard atmospheric 

conditions. The data, taken from [31], corresponds to a temperature of 288.15 K, air 

pressure of 1013.25 hPa, and 50.0% relative humidity. Elevated humidity levels 

exacerbate this attenuation; as a consequence, attenuation markedly increases during 

rainfall relative to clear atmospheric conditions. 

  When accounting for both FSPL and atmospheric attenuation, the total 

electromagnetic wave attenuation per kilometre can be observed in Figure 1.2. It is 

essential to emphasize that this data pertains solely to line-of-sight (LOS) transmission 

and excludes obstructions that may cause blockage and extra propagation losses. This 

high attenuation of terahertz waves is often viewed as a drawback. However, it 

provides an opportunity for secure communication at the physical layer to prevent 
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eavesdropping as well as spectrum re-use. By adjusting the communication frequency, 

one can manage the attenuation and limit the range of the communication beam, 

reducing eavesdropping risks [32, 34]. 

 

Figure 1.2. Total electromagnetic wave attenuation at a distance of 1 km due to FSPL and atmospheric 

attenuation for LOS transmission, excluding obstructions. 

  In the realm of 5G communication systems and beyond, the implementation of 

Massive MIMO and beamforming through large-scale antenna arrays has emerged as 

a pivotal solution. This approach is key to achieving higher antenna gain and effectively 

counteracting signal transmission attenuation [35, 36]. Such technology also ensures 

adequate compensation for the additional losses arising from feeding and power 

distribution structure. Nevertheless, challenges persist within the terahertz band, 

where the integration of any waveguide feed structure invariably leads to escalated 

energy losses and a consequent reduction in the effective isotropic radiated power 

(EIRP). 

  To overcome this issue and minimize the attenuation caused by the supplementary 

feed structure in terahertz band systems, a promising strategy entails the integration 
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of the antenna directly with the chip. The tight integration not only addresses the 

aforementioned challenge but also holds particular relevance for applications requiring 

components that are both lightweight and low profile [37, 38]. Examples of such 

applications include communication user terminals, wherein the antenna must not only 

maintain a low-profile design but also exhibit high levels of integration with the system. 

  The fabrication accuracy is also a significant challenge for antennas in the terahertz 

band, because terahertz band electromagnetic waves have shorter wavelengths than 

those in the microwave band. The tolerance of Computer Numerical Control (CNC) 

machines varies depending on the specific machine and the material being machined, 

with typical accuracy ranging between 10 µm and 130 µm [39-41]. However, at 

terahertz frequencies, where wavelengths are at the sub-millimetre level, fabrication 

tolerances become more pronounced. This limitation leads to the need for new antenna 

fabrication methodologies which have (sub-) tens of micron level accuracy such as 

optical lithography, deep reactive ion etching and direct laser writing of structures. 

1.1. Motivation and Summary of Contribution  

  As discussed in the previous section, the challenges and requirements for antenna 

design in terahertz applications can be categorized based on the specific application. 

For terahertz imaging application, the key requirements are: 

• Achieving higher spatial resolution through the utilization of high-gain antennas. 

• Mitigating shadowing or interference effects by employing antennas with 

moderate bandwidth. 

  In the context of terahertz spectroscopy application, the primary requirement is: 

• Capturing the responses across a wideband spectrum with wideband antennas. 
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  For terahertz communication application, the essential requirements are: 

• Enabling high data rates through the use of wideband antennas. 

• Achieving high gain to compensate for high path loss and achieve a high signal-

to-noise ratio (SNR). 

  Across all the aforementioned terahertz applications, the following common 

requirements are listed: 

• Ensuring tight integration to minimize the loss and a low-profile antenna design. 

• Maintaining precision throughout the antenna's fabrication process. 

  As a summary, to address the challenges and meet the requirements of future 

terahertz antenna applications, the key design considerations are high gain, wideband 

capabilities, low loss and a low-profile design. Additionally, maintaining precision 

throughout the antenna fabrication process and ensuring tight integration with the 

terahertz system are crucial factors. 

  This thesis introduces and thoroughly examines two innovative antenna designs 

optimized for terahertz band applications: (1) H-band Dirac leaky wave antenna 

(DLWA) based on micromachined silicon and (2) H-band direct laser written polymer 

Fabry-Perot cavity antenna (FPCA). Each of these antenna designs offers unique 

advantages in overcoming the inherent difficulties of terahertz transmission, catering 

to specific application needs including frequency beam scanning or consistent beam 

pointing. 

1.1.1. A H-band DLWA Based on Micromachined Silicon 

  In the terahertz frequency range, leaky wave antennas (LWAs) are gaining 

prominence, especially in situations that demand beam scanning with frequency. 
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Previously, LWAs have been effectively used in the millimetre-wave band for various 

applications, such as wireless communication systems [42, 43], radar [44, 45], imaging 

[46], and location applications [47] due to their ability to produce a frequency-

scannable narrow beam without requiring a complex feeding network. Unlike 

waveguide horn antennas, LWAs offer a feeding structure on the same plane as the 

circuit board, leading to a more compact and streamlined design. A more detailed 

exploration of the fundamentals of LWA is presented in Section 2.1 of this thesis. 

  A challenge to LWA’s adoption at higher terahertz frequencies is that the commonly 

employed waveguiding technologies, such as coplanar waveguide [48], substrate 

integrated waveguide [49, 50] and metal rectangular waveguide [51] exhibit increasing 

Ohmic loss resulting in reduced antenna efficiency.  

  Another challenge in the design of LWAs is the open stopband (OSB) that can occur 

in periodic LWAs when radiating close to broadside which can result in a degradation 

in the realized gain and antenna efficiency, and an increased VSWR [52, 53]. However, 

in some cases these solutions do not completely close the stopband and the effects 

are still apparent in terms of a reduced return loss near broadside.  

  In Chapter 3 of this thesis, to address the challenges in designing LWA for the 

terahertz frequency band, a novel periodic Dirac LWA (DLWA) is proposed, built on a 

high-resistivity silicon (HRS) dielectric slab waveguide (DSW). The contributions of this 

work are summarized as follows:  

1. The design of an all-dielectric DLWA unit cell, based on a low-loss silicon 

waveguide. 

2. Overcoming the unit cell's OSB problem through dispersion analysis. 

3. A curve fitting method is proposed to accurately predict the physical dimensions 
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of the unit cell at each coordinate, which facilitates the tapering of the DLWA's 

radiation aperture. 

1.1.2. A H-band Direct Laser Written Polymer FPCA 

  The lens antenna is a popular antenna choice for terahertz applications that require 

an antenna radiation pattern with a frequency-stable mainlobe angle. They benefit from 

moderate-to-high gain, low complexity, and relatively straightforward fabrication. Lens 

antennas can be made from various low-loss materials, such as polymers [54, 55] and 

HRS [56-58], amongst others. 

  However, lens antennas fabricated utilizing HRS through the DRIE process tend to 

be bulky, weighty, and expensive [59-61]. Moreover, the terahertz band antennas 

necessitate exacting fabrication tolerances, resulting in elevated costs for the CNC 

fabrication process in comparison to lower frequency bands. 

  An emerging fabrication technique is 3D printing using the two-photon polymerization 

(2PP) of a photoresin. It offers sub-micrometre resolution, precise shape accuracy, 

rapid prototyping, and the ability to create versatile and complex 3D designs. 

Furthermore, it is more cost-effective than HRS, making it a potential solution for 

terahertz antenna design. Details regarding the 2PP 3D printing process are presented 

in Section 2.5 of this thesis. 

  One significant challenge associated with employing 2PP 3D printing for lens 

antennas operating in the terahertz band is the substantial dielectric loss exhibited by 

the 2PP photo resin, thereby impacting the overall performance of the lens antenna. 

One solution to address this high dielectric loss could be to reduce the infill factor within 

the antenna structure, while still maintaining the wave reshaping feature. This 
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approach is shown to lead to a viable solution. 

  A FPCA fabricated via direct laser writing, which meets the aforementioned criteria, is 

introduced in Chapter 4 of this thesis. Typically, the simplest FPCA design consists of 

a primary source, a metal ground, a partially reflective dielectric surface (PRDS), and 

an air gap between the metal ground and the PRDS. The resonator formed by the 

PRDS and the metal ground reshapes the wavefront of the primary source, resulting 

in higher gain. The presence of an air gap between the PRDS of the FPCA leads to a 

diminution in dielectric loss, in comparison to that observed in a homogenous dielectric 

layer. Additionally, the fabrication of the PRDS with sub-wavelength air perforations 

further contributes to the reduction of dielectric loss. More details of the fundamentals 

of FPCA design are presented in Section 2.3 of this thesis. 

  This work presents several novel contributions to the PRDS based 3D printing FPCA 

in the WR-3 band. Key achievements include: 

1. A new methodology is introduced to optimize the FPCA's quality factor, 

significantly reducing dielectric losses associated with the 2PP photo resin. 

2. Higher 3 dB GBWP and minimized SLLs are achieved through optimizing the 

PRDS unit cells. 

3. The optimized FPCA achieves low return loss without the need for conventional 

matching structures, through its integration with a silicon shim. 

1.2. Outline of thesis 

  The remainder of this thesis is structured as follows. In Chapter 2, the foundational 

theories relevant to the antenna designs proposed in this thesis are presented. Firstly, 

the operating principles and implementation mechanisms of LWAs is discussed. This 
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is followed by an analysis and discussion on the selection of correct excitation modes 

for LWA radiation, incorporating methods to address the OSB issue. This discussion 

then leads to the introduction and realization of the Dirac Leaky Wave Antenna 

(DLWA). Additionally, an analysis of methodologies for calculating the leakage rate of 

a 1D periodic LWA unit cell, with the objective of achieving a reduced SLL through 

tapering of the radiation aperture of the DLWA is presented. Following this, the 

fundamental working principles of the FPCA are elucidated. To facilitate the design and 

analysis of the PRDS within the FPCA, the transverse resonance method is introduced. 

After that, an overview of prevalent 3D printing technologies utilized in antenna 

fabrication, including the 2PP 3D print technology is presented. 

  In Chapter 4, a novel design for a DLWA operating in the H-band is presented. The 

DLWA designs consists of a 2D array of unit cells which permits the analysis of the 

antenna properties based on the unit cell characteristics. The unit cell that forms the 

DLWA's radiation aperture is analysed using several computational electromagnetic 

techniques, with adjustments made to its dimensional parameters to mitigate the open 

stop band effect. Following this, the leakage rate of the unit cell is accurately 

calculated, and curve fitting techniques are applied. This helps establish a relationship 

between the unit cell's dimensions and its leakage rate, which is crucial for constructing 

a DLWA with a tapered aperture. Additionally, the chapter covers the design 

considerations for the DLWA’s overall structure, examining the tapered dielectric 

waveguide, the termination structure, the fixture, and the silver film reflector in detail. 

Then, the design of DLWA proposed in this thesis is verified by the measurements of 

the DLWA prototype, alongside an analysis and discussion on how errors in the 

fabrication process influence the DLWA’s performance. 
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  In Chapter 5, details on the design of a novel 2PP 3D printed all-dielectric FPCA are 

presented. Initially, considerations on the unit cell design and the optimization of the 

PRDS that constitute the FPCA are discussed. This primarily involves using the 

effective medium method to model the unit cell, conducting dispersion analysis, and 

optimizing the Q-factor of the unit cell to reduce dielectric loss caused by the IP-Q 

photo resin. Following this, the overall design of the FPCA is discussed, including the 

implementation process for impedance matching between the FPCA and the open-

ended waveguide. Additionally, the design of the PRDS is revisited, with a particular 

emphasis on performing transverse permittivity gradient tapering and further optimizing 

the FPCA. Next, the optimization and considerations necessary to solve the problem 

caused by the overhanging feature during the 2PP 3D printing process of the FPCA is 

presented. Finally, the measurement results of the FPCA are analysed and discussed 

to verify the design of FPCA. 

  In Chapter 4, the conclusions of this thesis are presented, along with descriptions of 

future work. 

1.3. Summary 

  In this chapter, the background of the research addressed by this thesis is explained, 

including the challenges and requirements for antenna design in terahertz applications. 

Following this, the contributions of the two dielectric LWAs proposed in this thesis are 

outlined. Finally, the structure of the entire thesis is summarized. 
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Chapter 2 

 

2Theoretical Background 

  This chapter presents the theoretical background for the two principal types of 

antennas studied in this thesis: the leaky wave antenna (LWA) and Fabry-Perot cavity 

antenna (FPCA). It also describes the methodologies by which they are commonly 

analysed, and this will be later utilised in Chapters 3 and 4 for the design of the 

respective antennas. 

  Section 2.1 provides an overview of LWA theory, including its working principles, 

selection of the appropriate eigenmodes to suppress the open stop band (OSB), and 

the basics of the design of a Dirac leaky wave antenna (DLWA). Section 2.2 presents 

the methods of dispersion analysis applicable to a one-dimensional (1D) periodic LWA 

unit cell. This includes the three techniques: (1) the transfer matrix (T-matrix) method; 

(2) the Matrix Pencil Method (MPM); and (3) the complex Eigenmode Solver method. 

These methods serve as tools for the design and performance prediction of the periodic 

LWA. Section 2.3 delves into the FPCA, elucidating its working principles, limitations, 

and related optimization methods from the perspective of LWA theory. Subsequently, 

Section 2.4 introduces the transverse resonance method (TRM), a method for 

dispersion analysis used in this thesis to aid the FPCA's design. Finally, Section 2.5 

summarises 3D printing as a fabrication technique for antennas in the millimetre-wave 

and terahertz band. 
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2.1. LWA Theory 

  In this section, the basic theory of the LWA is summarized. Additionally, the working 

principle of 1D periodic LWA is introduced. Traditional designs of 1D periodic LWAs 

often suffer from the OSB problem, which leads to a degradation in the antenna’s 

performance, primarily affecting gain and return loss, when the beam of the LWA is 

frequency scanned through the broadside direction. Various methods for suppressing 

an OSB have been presented in the literature and these will be discussed in Section 

2.1.2. Furthermore, the fundamental theory behind the design of DLWAs involves 

closing the bandgap—a range in the frequency spectrum where no eigenmodes 

exist—to achieve broadside radiation. This is presented in Section 2.1.3. 

2.1.1. Fundamentals on Leaky Wave Antenna 

  As the name suggests, the “leaky-wave antenna” operates on the principle of energy 

leakage from a wave traveling in or along a guiding structure. The leaked energy 

interferes in the far-field to produce the radiation pattern for the antenna.  

  The LWA can be divided into two categories based on the mechanism that generates 

the leaky wave radiation. One category is the fast wave LWA, and the other is the slow 

wave LWA [1, 2]. In cases where a fast wave is excited by the wave launcher, the 

propagation constant of the fast wave will be smaller than the wave number of free 

space and the wave will directly radiate if the guiding structure is open, forming a fast 

wave LWA. 

  In the other case, when a slow wave is excited by the wave launcher and propagates 

inside or along the guiding structure, no leaky wave will be excited unless additional 

perturbation to the structure is introduced [1]. This phenomenon can be elucidated by 
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examining the interaction between Bloch modes and spatial modes within photonic 

crystals. The guiding structure, similar to a photonic crystal, exhibits a periodic 

architecture that affects the propagation of electromagnetic waves. When the slow 

wave navigates through this periodicity, it interacts with the structure's repeating 

elements. This interaction gives rise to Bloch modes, which are wave patterns formed 

due to the periodicity of the structure [3]. Concurrently, this interaction also stimulates 

specific spatial modes. Spatial modes describe the electromagnetic field distribution 

within localized areas of the guiding structure. Essentially, they are manifestations of 

Bloch modes in the spatial domain. At least one of these spatial modes is instrumental 

in contributing to the far-field pattern, enabling the structure to function as a slow wave 

LWA. The generation of a leaky wave, in this context, is attributed to the periodic 

modulation of the guiding structure, hence, this type of slow wave LWA is often referred 

to as a periodic LWA [2]. 

  Besides the wave launcher serving as the source for a LWA, an impedance matching 

termination is usually added at the end of the LWA. This ensures that the remaining 

energy inside the LWA is absorbed, thereby minimizing reflections. Without such 

absorption, reflections at the open end of the LWA could cause additional leaky wave 

radiation and contribute to side lobes in the radiation pattern. 

 

Figure 2.1. Example of a 1D uniform fast wave LWA: metal rectangular waveguide with a long slit in the 

sidewall. 
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  LWAs can also be classified based on the dimensions of their guiding structures. If 

the radiation aperture of the LWA is maintained sufficiently narrow in the transverse 

direction, and the guided wave is attenuated only in the longitudinal direction, then the 

structure can be categorized as a 1D LWA. For example, as illustrated in Figure 2.1, a 

metal rectangular waveguide with a long slit in the longitudinal direction can form a 1D 

LWA. On the other hand, when the leaky wave propagates and decays in both 

transverse directions, a two-dimensional (2D) LWA is formed. If the leaky wave is 

travelling inside a resonant cavity, then this can also be referred to as a FPCA. More 

details regarding the FPCA will be presented in Section 2.3. 

 

Figure 2.2. Power flow of a leaky wave propagating in the +𝑥 direction. The power in the leaky wave 

decays exponentially along the +𝑥 direction, while showing exponential growth along the dashed line in 

the +𝑧 direction. The size and colour of the arrow represent the power amplitude. 

  As illustrated in Figure 2.2, the power flow of the leaky wave mode possesses both 

+𝑥 and +𝑧 components. For simplicity, the guiding structure is assumed to be infinite 

in the 𝑦  direction, and propagation of the leaky mode in the 𝑦  direction is not 

considered here. Consequently, the electric field propagate above the guiding structure 

(in the air) can be represented as follows: 

 𝐸(𝑥, 𝑧) = 𝐴𝑒−𝑗𝑘𝑥𝑥𝑒−𝑗𝑘𝑧𝑧 (2.1) 

where 𝐴 is the amplitude of the electric field, while 𝑘𝑥 and 𝑘𝑧 represent the complex 



Chapter 2 Theoretical Background 

22 

wave numbers that determine the propagation characteristics of the leaky wave 

traveling in the +𝑥 direction and +𝑧 directions, respectively. 

  For more detailed evaluation, the complex wave number 𝑘𝑥  and 𝑘𝑧  can be 

represented as follows: 

 𝑘𝑥 = 𝛽𝑥 − 𝑗𝛼𝑥 (2.2) 

 𝑘𝑧 = 𝛽𝑧 − 𝑗𝛼𝑧 (2.3) 

 𝑘𝑥 = √𝑘𝑜
2 − 𝑘𝑧

2 (2.4) 

where 𝑘𝑜 represent the wave number of free space, 𝛽 is the phase constant, 𝛼 is the 

leakage rate or attenuation constant, 𝛽𝑥  and 𝛼𝑥  are the components of the phase 

constant and leakage rate, respectively, specific to the 𝑥 direction. Similarly, 𝛽𝑧 and 𝛼𝑧 

are the 𝑧 directional phase constant and leakage rate, respectively. Substituting (2.2) 

and (2.3) into (2.4) yields the following: 

 𝛽𝑥𝛼𝑥 = −𝛽𝑧𝛼𝑧 (2.5) 

  Equation (2.5) elucidates the working principle of LWA [1], and helps explain why 

leaky waves are often being considered "improper" or "non-spectral" [1]. As shown in 

Figure 2.2, the power flow of the forward leaky wave mode possesses both +𝑥 and +𝑧 

components, indicating that 𝛽𝑥 > 0  , 𝛽𝑧 > 0  and 𝛼𝑥 > 0 . From (2.5) it is determined 

that 𝛼𝑧 < 0. This suggests that the power of the leaky wave exponentially increases 

along the +𝑧 direction, following the dashed line shown in in Figure 2.2. However, such 

an implication that power could infinitely increase with height is physically implausible. 

In reality, the exponential increase in power does not occur because the guiding 

structure, as illustrated in Figure 2.2, cannot be infinitely long. As a result, although 

leaky waves are often considered "improper" or "non-spectral" [1], they still adhere to 

the laws of physics. 
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  The radiation angle and beamwidth of LWAs is determined by the phase constant 𝛽 

and attenuation constant 𝛼 , respectively [4]. As demonstrated in Figure 2.2, the 

radiation angle 𝜃, with respect to 𝑧-axis, can be calculated as follows [1]:  

 
𝜃 = tan−1 (

𝛽𝑥

𝛽𝑧
) (2.6) 

  If 𝛼𝑥  is sufficiently small, the radiation angle can also be approximated by the 

following [5]: 

 
𝜃 = cos−1 (

𝛽𝑥

𝑘𝑜
)  (2.7) 

  Equation (2.7) suggests that for broadside radiation where θ = 0°  that 𝛽𝑥  must be 

equal to zero, indicating that it is approaching the cut-off frequency when the beam is 

almost pointed at the broadside. As a result, 1D uniform LWAs cannot achieve 

broadside radiation during frequency scanning. 

  While feeding the 1D uniform LWA from both sides or in the centre may attain 

broadside radiation, it may still suffer from a narrowband due to beam scanning caused 

by dispersion. 

 

Figure 2.3. 1D Periodic LWA, the guiding structure is modulated in the direction of guided propagation. 

  Equation (2.7) suggests that a 1D uniform LWA supports only forward propagation of 

the leaky wave, as shown in Figure 2.2. This is because as the frequency increases 

from the cut-off to higher frequencies, the beam scanning angle 𝜃  correspondingly 

increases from the broadside direction to larger angles. As a result, the leaky wave 
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mode can only radiate towards the front hemisphere. 

  As for the slow wave LWAs, when the guiding structure undergoes periodic 

modulation, as depicted in Figure 2.3, infinite number of Bloch modes are generated 

due to periodic modulation [1]. Consequently, the modal field transforms from the initial 

state (2.1) to the following: 

 

∑ 𝐴𝑛𝑒−𝑗𝑘𝑥𝑛𝑥𝑒−𝑗𝑘𝑧𝑛𝑧

+∞

𝑛=−∞

 (2.8) 

where 𝑘𝑥𝑛 , the wavenumber of 𝑛 th Bloch mode change in the 𝑥  direction, can be 

expanded as: 

 
𝑘𝑥𝑛 = 𝑘𝑥0 + 

2𝜋𝑛

𝑝
 (2.9) 

where 𝑝 represents the periodicity of the modulation, as shown in Figure 2.3. Due to 

the periodicity in 𝑘𝑥 , only −
𝜋

𝑝
< 𝑘𝑥 ≤

𝜋

𝑝
  need to be considered, and this region 

containing the unique values of 𝑘𝑥 is called the Brillouin zone [3]. 

 

Figure 2.4. The backward radiating leaky wave becomes "proper," as its power decays exponentially in 

the +z direction. The size and colour of the arrow represent the power level. 

  If the wavenumber of the 𝑛th Bloch mode satisfies the following condition: 

 −𝑘𝑜 < 𝑘𝑥𝑛 < 0 (2.10) 
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the 𝑛th Bloch mode is identified as a fast wave and contributes to backward radiation. 

Consequently, the periodicity of the modulation can be chosen such that the 1D 

periodic LWA supports both forward and backward beam scanning. 

  In the case of a backward radiating leaky wave, when −𝑘𝑜 < 𝑘𝑥𝑛 < 0, as illustrated in 

Figure 2.4, the leaky wave is considered "proper". This is because from (2.5), it can be 

determined that 𝛼𝑧𝑛 > 0, which means the power decreases exponentially away from 

the guiding structure in the 𝑧 direction. 

  The 3 dB power beamwidth of a LWA can be approximated by the following [5, 6]: 

 
𝐵𝑊 = 2 csc(𝜃)

𝛼𝑥

𝑘𝑜
≈

2𝛼𝑥

𝛽𝑥
 (2.11) 

  Equation (2.10) indicates that when the attenuation constant 𝛼𝑥 is sufficiently low, it 

forms a long radiation aperture, consequently leading to higher gain and a narrower 

beamwidth. On the other hand, a high attenuation constant 𝛼𝑥 implies rapid energy 

decay within the guiding structure. This phenomenon results in a shorter radiation 

aperture, leading to lower gain and a broader beam width. 

  If all unit cells of the 1D periodic LWA have the same leakage rate, the radiation 

efficiency can be calculated using the following formula:  

 𝜂𝑟 = 1 − 𝑒−2𝛼𝐿 (2.12) 

where 𝛼 represents the leakage rate, and 𝐿 denotes the length of the open guiding 

structure. This equation considers only the energy loss due to radiation, assumes all 

energy leakage contributes to the antenna radiation pattern and ignores material 

losses. 

  The leakage rate of 1D periodic LWA unit cell can be calculated by stimulate 𝑁 

cascaded unit cells in a full wave electromagnetic simulation. The leakage rate 𝛼 can 

then be determined by transmission coefficient 𝑆21 using the following equation: 
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α =

−𝐼𝑛|𝑆21|

𝑁𝑝
 

(2.13) 

It is important to note that this method does not consider the dielectric and ohmic 

losses. 

  In reality, the radiation efficiency 𝜂𝑟  cannot reach 100 % , because not all energy 

excited by the source is radiated in a finite length structure, and at the end of the 

guiding structure a portion of the energy remains. Reflection at this endpoint (called 

the termination) can contribute to unwanted radiation, possibly increasing the sidelobe 

level. If the remaining energy inside the LWA is still quite high, a matched load is usually 

mounted at the termination. An alternative solution involves reducing the energy at the 

end of the LWA to a sufficiently low level by ensuring most of the energy is radiated 

during the forward propagation. In a typical LWA design, an antenna length is chosen 

to ensure that more than 90% of the energy is radiated, which means less than -10 dB 

power remains at the end of the LWA [1].  

  In practice, the radiation aperture of a LWA is usually tapered to achieve a specific 

SLL. For instance, the radiation amplitude along the guiding structure at a specific 

frequency 𝑓𝑐 is tapered using a Taylor distribution. To achieve this, the leakage rate 

𝛼(𝑥) of each unit cell as a function of the coordinate 𝑥 can be calculated using the 

following formula [1]: 

 

𝛼(𝑥) =

1
2

𝐴2(𝑥)

1
𝑒𝑟

∫ 𝐴2(𝑥)𝑑𝑥 − ∫ 𝐴2(𝑥)𝑑𝑥
𝑥

0

𝐿

0

 (2.14) 

where 𝐴(𝑥) denotes the desired Taylor distribution, 𝐿 represents the length of radiation 

aperture and 𝑒𝑟  is the radiation efficiency. Typically, a radiation efficiency of 0.9 is 

chosen to achieve a high total efficiency and prevent an impractically high leakage rate 
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of unit cells near the end of the LWA.  

  Given that 𝛼(𝑥) , the leakage rate of each unit cell, is a function of the operating 

frequency, the field distribution on the tapered aperture may change, and the SLL 

performance could gradually worsen as the frequency deviates from the centre 

frequency, 𝑓𝑐. 

  Moreover, it is important to note that when adjusting each unit cell for leakage rate 

manipulation, it becomes necessary to ensure that all unit cells have an equal 

propagation constant at the preset operating frequency, 𝑓𝑐. This is to ensure that all 

unit cells radiate at the same angle. Otherwise, radiation deviating from the intended 

direction may contribute to shoulders or sidelobes in the radiation pattern [1]. 

2.1.2. Eigenmode Selection and Open Stopband 

Suppression 

  In this thesis, an all-dielectric LWA is proposed, and the eigenmodes of the LWA unit 

cell are excited by a tapered dielectric slab waveguide. The efficiency of the LWA 

design significantly relies on the selection of these eigenmodes. More specifically, 

those eigenmodes that demonstrate effective coupling with the propagating mode 

inside the taper are preferred. 

  An overlap integral of the field distributions can be used to calculate mode coupling 

efficiency. The corresponding formula is as follows [7]: 

 
η =  |Re [

(∫𝑬𝟏 × 𝑯𝒏
∗ ∙ 𝑑𝑺)(∫𝑬𝒏 × 𝑯𝟏

∗ ∙ 𝑑𝑺)

∫𝑬𝟏 × 𝑯𝟏
∗ ∙ 𝑑𝑺

]
1

Re(∫𝑬𝒏 × 𝑯𝒏
∗ ∙ 𝑑𝑺)

| 
(2.15) 

where 𝑬𝟏 and 𝑯𝟏 represent the electric and magnetic field of the mode propagating 

inside the taper, respectively. 𝑬𝒏 and 𝑯𝒏 represent the electric and magnetic field of 
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the nth eigenmode of the unit cell, respectively.  

 

Figure 2.5. The unit cells are excited by the taper, and the 𝐸11
𝑦

 dielectric waveguide mode is coupled to 

the eigenmodes of the unit cell.  

  As shown in Figure 2.5, the taper is partially inserted inside the metal rectangular 

waveguide, and the 𝐸11
𝑦

 dielectric slab waveguide mode propagate along the taper is 

excited by the TE10  metal rectangular waveguide mode. The dominant field 

components of 𝐸11
𝑦

 dielectric waveguide mode are Ey, Hz and Hx. For brevity, only the 

𝐸11
𝑦

 mode case is illustrated in Figure 2.5.  

  To ensure that 1D periodic LWAs can achieve backward and forward radiation, the 

eigenmodes of the unit cell must satisfy the following selection criteria: first, the phase 

fronts of the two chosen eigenmodes should be perpendicular to the propagation 

direction of the leaky wave. Additionally, if TE (TM) modes are chosen to implement 

leaky wave radiation, the main electric (magnetic) field component directions of the two 

eigenmodes need to be consistent to ensure the spatial field matching between the 

feeding structure and the eigenmodes, so that both selected modes can be excited 

simultaneously. These are the most fundamental mode selection and optimization rules 
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in the process of implementing the 1D periodic LWA unit cell design. The all-dielectric 

LWA proposed in this thesis is based on the selection criteria. 

 

Figure 2.6. Dispersion diagram for the unit cell of an example 1D periodic LWA exhibiting a bandgap 

between the first two modes. 

  Beam pointing precisely in the broadside direction presents a challenge for traditional 

1D periodic LWAs, a problem caused by the OSB. The stopband is typically situated 

within the frequency range where the 1D periodic LWA transitions from a backward 

radiating mode (negative phase constant) to a forward radiating mode (positive phase 

constant). To further analyse these modes as the frequency changes, the dispersion 

diagram is commonly used. 

  A dispersion diagram represents the relationship between wave vector and frequency 

for the eigenmodes within the unit cell. The horizontal axis typically displays the wave 

vector, indicating the direction and phase change of the eigenmode, while the vertical 

axis shows the corresponding frequency. In the dispersion diagram, each point 

represents an eigenmode that exists with the specific wave vector and corresponding 

eigenfrequency. 

  Figure 2.6 shows the dispersion diagram for the unit cell of an example periodic LWA. 

In this example, it can be seen that there are two modes which contribute to the 
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frequency scanning of the beam. The first mode corresponds to radiation in the 

backward direction while the second mode corresponds to the radiation in the forward 

direction. It can be observed in the dispersion diagram that a bandgap exists between 

the two modes at a 0-degree phase change between unit cells which corresponds to 

broadside radiation. Theoretically, no radiation occurs within the bandgap over the 

frequency range 𝑓1 to 𝑓2. Within this stopband, the antenna radiates very inefficiently 

or not at all. This issue arises because no eigenmode exists within the stopband, 

leading to most of the energy decaying and reflecting [1]. 

 

(a) 

 

(b) 

Figure 2.7. An example of an all-dielectric unit cell and the dispersion diagram of the unit cell. (a) The 

unit cell is formed by the perforation of circular holes in the dielectric block. (b) Dispersion diagram of 

the unit cell.  

  The bandgap's existence can also be attributed to mode coupling between two space 
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harmonics traveling in opposite directions [1].As a result, cancelling this mode coupling 

could close the bandgap, which means two eigenmodes of the unit cell must be 

degenerate and orthogonal to each other at the broadside radiation frequency. 

  Mode degeneracy can take two forms: deterministic degeneracy and accidental 

degeneracy. Deterministic degeneracy emerges due to the symmetry of the unit cell 

whereas accidental degeneracy arises due to an appropriately designed unit cell 

structure which depends on its exact geometry and permittivity of its constituents [8, 

9]. 

  As illustrated in Figure 2.7(a), an all-dielectric unit cell is proposed as an example to 

explain the unit cell design process. Periodic boundary conditions are set in ±𝑥 and 

±𝑦 directions, and in ±𝑧 directions the boundary condition are set to be open to allow 

radiation from the unit cell. The “General (Lossy)” Eigenmode Solver method is utilized 

for the determination of the eigenfrequency and Q-factor of the eigenmodes. The 

permittivity of the unit cell is 11.7. The other structural parameters are as follows: 𝑎 =

0.5 mm, 𝑟1 = 0.07 mm,  𝑟2 = 0.06 mm, 𝑟3 = 0.08 mm,  𝑟4 = 0.19 mm, 𝑟5 = 0.15 mm, 𝑡 =

0.5 mm. 

  As shown in Figure 2.7(b), although the bandgap between Mode 1 and Mode 2 

appears to be closed, this "closed bandgap" is not actually helpful for achieving 

broadside radiation in a 1D periodic LWA because the mode degeneration between 

Mode 1 and Mode 2 is a result of the symmetry of the unit cell, which forms a 

deterministic degeneration, not an accidental degeneration. Further optimization of the 

unit cell is required to close the bandgap between Mode 1 and Mode 4. 
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Figure 2.8: Plot of the electric field phase for several unit cell eigenmodes when 𝑘𝑥 = 
7

18
𝜋 𝑎𝑛𝑑  𝑘𝑦 =  0 

as an example for mode profile inspection. (a) Phase of the y-component of the electric field for Mode 

1. (b) Phase of the x-component of the electric field for Mode 2. (c) Phase of the y-component of the 

electric field for Mode 2. (d) Phase of the y-component of the electric field for Mode 4. 

  To maximise the coupling between the exciting dielectric slab 𝐸11
𝑦

 mode propagating 

in the antenna taper (as shown in Figure 2.5) and the radiating Bloch mode, we would 

like the two modes to have similar field characteristics.  

  In Figure 2.8, the spatial distributions of the phase across the unit cell for the specific 

electric field components of the eigenmodes are plotted. As illustrated in Figure 2.8(a), 

the phase front of Ey for eigenmode 1 is parallel to the y-axis and perpendicular to the 

propagation direction along the x-axis, and closely match the exciting dielectric slab 

𝐸11
𝑦

 mode. As a result, Mode 1 can be chosen as the backward radiation leaky wave 

mode. Given that Mode 1 has been selected, the electric field component of the second 

eigenmode should also be parallel to the y-axis. 

  Mode 2 has a positive group velocity and appears capable of achieving forward 
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radiation as shown in Figure 2.7(b). However, as illustrated in Figure 2.8(c), the phase 

front of Ey for Mode 2 is not perpendicular to the x-axis, unlike Mode 1, which is shown 

in Figure 2.8(a). As a result, Mode 2 cannot be used as the second eigenmode and 

achieve beam scanning from the backward to forward direction. 

  As illustrated in Figure 2.8(d), Ey for Mode 4 is parallel to the y-axis and perpendicular 

to the phase increment direction on the x-axis. Consequently, Mode 4 meets the 

eigenmode selection criteria, and can be selected with Mode 1 to achieve beam 

scanning from backward to forward direction. 

  After identifying the two eigenmodes that can be used for the 1D periodic LWA design, 

further optimization of the physical dimensions of the unit cell is required to close the 

bandgap between the two selected eigenmodes. In fact, during the process of 

optimizing the unit cell, calculating and optimizing the leakage rate of the selected 

mode is also necessary. This will be described later in Chapter 4. 

  To date, various methods have been devised to suppress the open stopband and 

realize continuous beam scanning. In 1963, A. A. Oliner explained the connection 

between the symmetries in the periodic structure and mode-coupling [10]. According 

to Oliner, the glide and screw symmetry can be used to avoid certain pairs of mode-

coupling and close the bandgap, but this kind of approach may not be useful for 1D 

periodic LWA design, because the degenerate modes protected by the symmetry are 

deterministic, as discussed above. 

  A double-strip grating leaky-wave antenna was proposed in 1993 by M. Guglielmi and 

D. R. Jackson [4]. This method places two metal strips within each unit cell to achieve 

a nearly closed bandgap. The notion that a bandgap cannot be entirely closed by 

incorporating an additional unit within a unit is discussed in [4]. A negligible stop band 
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still exist and the bandgap can be seen to be partially closed. In 2009, Simone Paulotto 

et al proposed another method to eliminate the open stopband [11]. A quarter-wave 

transformer or matching stub is used in this method to ensure the Bloch-wave 

impedance is real and non-zero at the broadside. Another paper proposed a similar 

method by introducing a 𝜋-network inside the unit cell to match the impedance [12]. 

  
(a) (b) 

Figure 2.9. LWA unit cells utilize transversal asymmetry to close the bandgap. (a) Unit cells of a PCB 

LWA, figure reproduced from [13]. (b) Unit cell of a LWA based on substrate-integrated waveguide, figure 

reproduced from [14].  

  An alternative approach to completely suppress the open stopband is proposed in 

[15], by using two non-identical elements within the unit cell. Tuning the distance 

between the elements and the dimension of one element will close the bandgap. 

Similarly, as shown in Figure 2.9, in the paper [13, 14], transversal asymmetry is 

introduced in the design of the unit cell to close the bandgap. 

  Another commonly used method to close the bandgap and achieve broadside 

radiation is to introduce Left-handed (LH) elements based on the transmission-line 

model [16-21]. For LWA based on the composite right/left-handed (CRLH) microstrip 

structure [18], the unit cell can be simplified as an equivalent-circuit model, which can 

be used to guide the optimization process and ensure that the unit cell achieves a 

closed bandgap design [22]. 
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  The methods to close the bandgap discussed above can be generalised into one 

singular strategy: the introduction of additional structure to the unit cell to ensure that 

the energy of the oppositely propagating waves cancel out at the broadside radiation 

frequency. This allows for the maintenance of in-phase excitation without significant 

reflection accumulation caused by each unit cell.  

  When considering the design of the additional structure, it is important to note that 

the energy diminishes as it travels through the LWA. As a result, the amplitude of the 

reflected wave differs from that of the wave traveling in the opposite direction. This 

difference in wave amplitudes implies that the physical dimensions of the introduced 

structure should not be identical to those of the original perturbation structure. This 

ensures that the counter-propagating waves are able to effectively cancel each other 

out. From another perspective, the newly introduced structure also imparts asymmetry 

to the unit cell, disrupting the deterministic degeneracy. The bandgap subsequently 

closes through the process of tuning the physical dimensions and inducing accidental 

degeneracy. 

2.1.3. Dirac Leaky Wave Antenna (DLWA) 

  The Dirac cone, named after physicist Paul Dirac, signifies the linear dispersion 

relation near a Dirac point in materials like graphene [23-25]. This cone-shaped 

energy-momentum relationship is critical for understanding the electronic properties of 

materials, as it suggests high electron mobility and unique conductivity [26]. 

Represented in band structure diagrams, the Dirac cone highlights the fundamental 

quantum mechanical behaviors central to modern materials science applications. 

  Dirac dispersion properties have also been realized in photonic crystals [27-29] for 
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photons rather than fermions. In photonic crystals, at the Brillouin zone centre, the 𝛤 

point, a Dirac cone can be formed by the accidental degeneracy [28, 30]. With proper 

design, such photonic crystals can exhibit an effective zero refractive index at the Dirac 

frequency. On the other hand, Dirac cones at Brillouin zone boundaries are related to 

pseudo-diffusive transmission and other exotic propagation effects [31-33] but do not 

correspond to zero-refractive-index behaviour [30].  

 

Figure 2.10: Dispersion diagram of the 2D photonic crystal shown in the inset. A Dirac dispersion 

characteristic can be observed for four modes which are degenerate at the 𝛤 point, which is the center 

of the Brillouin zone. 

  As shown in Figure 2.10, four modes accidentally degenerate at the 𝛤 point and forms 

a Dirac cone. The accidental degeneration occurs following the optimization of the unit 

cell structure. Detailed information on the physical dimensions and the process of 

optimizing the unit cell, shown in the inset of Figure 2.10, will be presented later in 

Section 3.3. Comparing this dispersion diagram with that illustrated in Figure 2.7(b), it 

can be seen that the bandgap between Mode 1 and Mode 4 is completely closed. In 

addition, the dispersion diagram exhibits linear dispersion in the zone between the 𝛤 

point and the 𝑋 point. This is advantageous for beam-scanning in a LWA as the scan 

rate is constant with frequency. The dispersion diagram also implies that the mode 
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possessing the wave vector along the 𝛤𝑋 direction can possibly be employed for the 

design of 1D periodic LWAs. 

  Moreover, the form of the Dirac cone can be leveraged to suppress the open 

stopband. At the 𝛤 point, the phase changes of the Bloch modes in all directions equal 

to 2𝜋𝑛, where n can be any integer. This allows for the design of 1D periodic LWA 

capable of continuous beam scanning from backward to forward direction, which also 

covers the broadside direction [22]. Such a LWA can also be referred to as a DLWA 

[22, 34-36].  

  An additional critical aspect in the design process of the DLWA involves computing 

the leakage rate of the unit cell. As explained in Section 2.1.1, the maintenance of an 

appropriate leakage rate, neither excessively high nor low, within the working 

bandwidth is essential for the proper functioning of the DLWA. Furthermore, achieving 

the intended design of the radiation aperture necessitates an accurate calculation of 

this unit cell leakage rate. 

  Further elaboration on the methodologies for computing the phase constant and the 

leakage rate of the unit cell will be presented in the next section. 

2.2. Dispersion Analysis Methods for LWAs 

  This section introduces three methods for performing dispersion analysis on 1D 

periodic LWA unit cell. The first method introduced is based on the T-matrix. In this 

method, a full-wave solver is used to calculate the T-matrix of an 𝑁-unit-cell structure, 

taking into account the mutual coupling of nearby unit cells. The dispersion properties 

can then be extract through the eigenvalue of the T-matrix of one unit cell. Following 

the method base on the T-matrix, the MPM for dispersion analysis is discussed. The 
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MPM is utilized to analyse and extract the dispersion properties by decomposing the 

sampled field data into a summation of decaying exponential functions. It operates by 

formulating a matrix from the sampled data, and then, through eigenvalue 

decomposition, yields the desired parameters. This method is particularly effective in 

the presence of noise and offers superior resolution. Finally, the dispersive analysis 

method based on using a complex eigenmode solver is introduced. This method not 

only supports periodic boundary conditions that consider the coupling between 

adjacent unit cells, but also supports open boundary conditions to account for the leaky 

wave mode radiation. This method directly provides the eigenfrequency of each 

eigenmode with a specific propagation constant, and the leakage rate can be 

calculated using the Q-factor, and the group velocity of the eigenmode. In this thesis, 

the eigenmode solver is employed to evaluate the design of the unit cell of DLWA, with 

the MPM and T-matrix method used as benchmarks for verification of the results. 

2.2.1. Transfer Matrix Method 

  The T-matrix method extracts the propagation constant and leakage rate of the leaky 

wave mode from the T-matrix of one unit cell, which can be obtained through full wave 

electromagnetic simulation. 

 

Figure 2.11: Equivalent T-matrix network of 1D periodic LWA unit cells cascaded together which is 

equivalent to having periodic boundary conditions in the simulation. 
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  As depicted in Figure 2.11, the cascade of 1D periodic LWA unit cells can be 

characterized using an equivalent T-matrix network. The analysis begins with a 

simplified assumption: the periodic structure is built upon the background waveguide 

structure and only one single waveguide mode is under consideration. This structure 

allows the waveguide mode to excite the leaky wave mode [37]. Consequently, each 

2-port unit cell can be represented by the T-matrix. We define the effective voltages 𝑉 

and currents 𝐼  as shown in Figure 2.11. This formulation leads us to the following 

eigenvalue problem [37-40]: 

 [𝑻] [
𝑉1

𝐼1
] = 𝜆 [

𝑉1

𝐼1
] = 𝑒−𝑗𝑘𝑝 [

𝑉1

𝐼1
] = [

𝑉2

𝐼2
] 

(2.16) 

where 𝑘 = 𝛽 + 𝑗𝛼 is the complex wavenumber of the leaky wave mode, 𝑝 represent 

the periodicity of the unit cell, and 𝜆 = 𝑒−𝑗𝑘𝑝 is the eigenvalue of the T-matrix of the 

LWA unit cell. The two eigenvalues of the T-matrix of the unit cell corresponding to the 

wavenumbers of two oppositely propagating eigenmodes. The propagation constant 𝛽 

and leakage rate 𝛼 of the unit cell can be expressed as follows [37]: 

 
𝛽𝑛 =

−angle(𝜆)

𝑝
−

2𝜋𝑚

𝑝
 (2.17) 

 
𝛼𝑛 =

In|𝜆|

𝑝
 (2.18) 

where 𝑎𝑛𝑔𝑙𝑒 is the function which returns the angle of the complex eigenvalue in the 

complex plane in the range of (−𝜋, 𝜋]  and the value of 𝑚  is an arbitrary integer, 

implying different possible Bloch modes for the propagation of the leaky wave within 

the unit cell. 

  It is important to note that typically, the full-wave simulation of a single unit cell is 

insufficient for accurately extracting the dispersive property of the leaky wave Bloch 
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mode. The limitation arises due to the requirement of considering the coupling between 

adjacent unit cells in the direction of periodicity. To adequately account for this mode 

coupling, we typically need to extract the T-matrix of 𝑁 identical cascaded unit-cells 

through full-wave simulation [37, 39]. This approach ensures that the intricate interplay 

between nearby unit cells is factored into the final analysis.  

  After the full wave simulation of N unit-cells, 𝑇𝑁, the Nth power of the T-matrix for a 

single unit cell can be obtained. To proceed with the calculation of the leakage rate for 

a single unit cell, the following formula is used [37]: 

 
α =

In| √𝜆𝑁
𝑁 |

𝑝
 

(2.19) 

where 𝜆𝑁  represents the eigenvalue of 𝑇𝑁 , and the 𝑁 th root of it can be 

straightforwardly calculated. 

  However, when it comes to calculation of the propagation constant from the T-matrix, 

it is necessary to identify the correct 𝑁th root of the eigenvalue from the T-matrix of 𝑁 

unit-cells [37]. To facilitate this identification, an additional full wave simulation for 𝑀-

unit-cells needs to be conducted. This step involves comparing the 𝑁th root values of 

𝜆𝑁 and the 𝑀th root values of 𝜆𝑀 to identify the correct root value 𝜆𝑀,𝑁, which is the 

common root value found in both sets. Consequently, the propagation constant of the 

Bloch mode can be calculated using the following formula [37]: 

 
𝛽𝑀,𝑁 =

−angle(𝜆𝑀,𝑁)

𝑝
−

2𝜋𝑚

𝑝
 (2.20) 

where 𝑚  is an integer that determines the chosen branch cut of the propagation 

constant. 

  The selection of the correct 𝑁th root of the eigenvalue 𝑇𝑁 may also be facilitated by 

the propagation constant of the background waveguide. However, the accuracy of this 
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method may be compromised if the periodic perturbations become overly intense [37]. 

 

Figure 2.12: Equivalent network of the unit cell with 2𝑁 -port. The unit cell is characterized by the 

2𝑁 × 2𝑁 T-matrix. 

  In a more general scenario, when considering the dispersive property of 𝑁  Bloch 

modes of the unit cell, it is appropriate to employ the multimodal T-matrix method 

(MMTMM) as a tool for analysis. [40-42]. The eigenvalue problem can still be 

expressed using equation (2.16). However, in this case, the T-matrix transforms into a 

2𝑁 × 2𝑁 matrix, which corresponds to the equivalent 2𝑁-port network of the unit cell 

[39, 40], as illustrated in Figure 2.12. 

  To extract the wavenumber of 𝑁 Bloch modes, a zero-searching method is employed 

to solve the following equations [39, 40]:  

 𝑑𝑒𝑡(𝑇 − Λ) = 0 (2.21) 

 

𝚲 =

[
 
 
 
 
𝑒−𝑗𝑘𝑝 0

0 𝑒−𝑗𝑘𝑝 ⋯
0     0
0     0

⋮ ⋱ ⋮
0       0
0       0

⋯ 𝑒−𝑗𝑘𝑝 0
0 𝑒−𝑗𝑘𝑝]

 
 
 
 

 (2.22) 

where 𝚲 is a 2𝑁 × 2𝑁 diagonal matrix. At each discrete frequency point, the complex 

wavenumber 𝑘 = 𝛽 + 𝑗𝛼  is determined through a zero-searching process in the 

complex plane [39]. During the search process, the wavenumber 𝑘 that fulfils condition 

(2.21) will be located, allowing for the determination of the dispersive properties of the 

unit cell. 
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2.2.2. Matrix Pencil Method 

  The MPM is an eigen-based technique employed for approximating a function as a 

sum of complex exponentials, particularly used to extract the poles and residues of 

these signals from a finite set of sampled data points [43].  

  The application of the MPM has various uses, including identifying and extracting the 

parameters of exponential signals buried in noise [43-45], estimating the angle of 

arrival of signals [46], and reducing the number of elements in an antenna array [47]. 

  The MPM can also be employed to estimate both the leakage rate and the 

propagation constant of the modes that propagate within the guiding structure of the 

LWA. This can be achieved by analysing a component of the sampled field data 

obtained either from full-wave simulation or measurement. 

  Assuming propagation of the leaky mode within the LWA in the 𝑥  direction, the 

sampled complex electric field component can be formulated as: 

 
𝐸𝑛 = 𝐸(𝑥 = 𝑛𝑝) = ∑𝑅𝑖𝑍𝑖 =

𝑀

𝑖=1

 ∑ 𝑅𝑖𝑒
−𝑗𝑘𝑖𝑛𝑝, 𝑛 =  1,2. . . , 𝑁

𝑀

𝑖=1

 (2.23) 

where 𝐸𝑛 represents the 𝑛th sample of the complex electric field data, 𝑀 stands for the 

number of mode components, 𝑘𝑖 = 𝛽𝑖 + 𝑗𝛼𝑖 denotes the complex wavenumber of the 

leaky wave mode of index 𝑖 , 𝑍𝑖 = 𝑒−𝑗𝑘𝑖𝑛𝑝  denotes the phase factor of 𝑖 th mode 

components, 𝑝  the perturbation period, and 𝑅𝑖  represents the complex amplitude of 

the 𝑖th mode component. 

  A matrix 𝑫 can be formed by the sampled data 𝐸𝑛 as follows: 

 

𝑫 = [

𝐸1     𝐸2

𝐸2     𝐸3

⋯ 𝐸𝐿+1

⋯ 𝐸𝐿+2

    ⋮ ⋮
𝐸𝑁−𝐿 𝐸𝑁−𝐿+1

⋮
⋯ 𝐸𝑁

] 
(2.24) 
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where 𝐿 denotes the pencil parameter. The value of 𝐿 is typically chosen to fall within 

the range 
𝑁

3
 to 

𝑁

2
. This range is chosen to minimise the noise influence that arises from 

the sampled data [43]. 

  The singular values of the matrix 𝑫 can then be derived by implementing a singular 

value decomposition (SVD) on 𝑫. This process can be expressed as follows [43]: 

 𝑫 = 𝑼𝑺𝑽𝐇 (2.25) 

where the superscript H  denotes the conjugate transpose, 𝑼  and 𝑽  are unitary 

matrices, and 𝑺  is a diagonal matrix, denoted as 𝑺 =  𝑑𝑖𝑎𝑔([𝑆1, 𝑆2, 𝑆3,⋯ , 𝑆𝑁]) . Each 

diagonal element 𝑆𝑖 corresponds to a singular value associated with matrix 𝑫.  

  To extract the 𝑀 mode components from the sampled data and minimize the influence 

of the noise, 𝑽 is reconstructed with the right-singular vectors that corresponds to the 

largest 𝑀 singular values: 

 𝑽′ = [𝑣1, 𝑣2, ⋯ , 𝑣𝑀] (2.26) 

where 𝑽′ denotes the reconstructed 𝑽 matrix. Two additional matrices, denoted as 𝑽𝟏
′  

and 𝑽𝟐
′ , can be derived from 𝑽′. Specifically, 𝑽𝟏

′  is obtained by removing the last row of 

𝑽′, while 𝑽𝟐
′  is obtained by eliminating the first row of 𝑽′ [48]. 

  Then with the reconstructed matrix 𝑽𝟏
′  and 𝑽𝟐

′ , it is possible to have: 

 𝑫𝟏 = 𝑼𝑺′(𝑽𝟏
′ )𝑯 (2.27) 

 𝑫𝟐 = 𝑼𝑺′(𝑽𝟐
′ )𝑯 (2.28) 

where 𝑺′  denotes a diagonal matrix, wherein the diagonal entries represent the 𝑀 

largest singular values [43].  

  Finally, the phase factors 𝑍𝑖  can be obtained by solving the following generalized 

eigenvalue problem [48]: 
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 𝑫𝟏𝑏 =  𝑍𝑫𝟐𝑏 (2.29) 

where 𝑏 represents the corresponding eigenvectors. The complex wavenumber for the 

dominant 𝑀 mode components can then be calculated with: 

 
𝑘𝑖 =

𝑙𝑛 𝑍𝑖 

𝑝
= 𝛽𝑖 + 𝑗𝛼𝑖, 𝑖 = 1,2,⋯𝑀 

(2.30) 

  Once the complex wavenumbers have been calculated, the complex amplitude of the 

dominant 𝑀 mode components can be derived. This is accomplished by setting up and 

solving a least-squares problem, which is formulated based on the reconstruction of 

(2.23). For this reconstruction, the solved phase factors 𝑍𝑖 are utilised [43]. 

2.2.3. Complex Eigenmode Solver 

  The eigenmode solver within CST Microwave Studio (CST MWS) has recently been 

enhanced through the implementation of the so called General Lossy Method. This 

update makes the utilization of open boundary conditions possible in the context of 

eigenproblem solutions. Consequently, it facilitates the analysis of radiation associated 

with the periodic LWA unit cell. 

  The solution from the eigenmode solver is a complex angular eigenfrequency 𝜔𝑐 , 

dependent on the wavenumber 𝑘 . The Q-factor of the unit cell is derived from the 

imaginary part of 𝜔𝑐 , corresponding to the radiative loss of the unit cell. This 

relationship can be expressed mathematically as follows [49]: 

 
𝜔𝑐 = 𝜔𝑐(𝑘) = 𝜔𝑟 + 𝑗𝜔𝑖 = 𝜔 (1 + 𝑗

1

2𝑄
) (2.31) 

where 𝜔𝑟 = 𝜔 is the real part of the complex angular eigenfrequency, and 𝜔𝑖 is the 

imaginary part of the complex angular eigenfrequency. 

  However, the eigenmode solver of the CST MWS does not directly provide the 
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leakage rate 𝛼. Consequently, post-processing is required to calculate the leakage rate 

𝛼  for the unit cell. Through a Taylor expansion of 𝜔𝑐(𝑘)  in the complex plane, the 

wavenumber 𝑘(𝜔) = 𝛽 + 𝑗𝛼 can be expanded as a function of 𝜔 as follows [50] 

 
𝑘(𝜔) =  𝛽 + 𝑗𝜔𝑖

𝑑𝛽

𝑑𝜔
. (2.32) 

Then the leakage rate of the unit cell can be related to the complex frequency 𝜔𝑐 by: 

 
𝛼 =

2𝜔𝑖

𝑉𝑔
 (2.33) 

where 𝑉𝑔 = 
𝑑𝜔

𝑑𝛽
  is the group velocity. The leakage rate 𝛼  of the unit cell can be 

expressed from (2.32) and (2.33) as: 

 
𝛼 =

𝜋𝑓

𝑉𝑔𝑄
 (2.34) 

where 𝑓 = 𝜔/2𝜋 is the eigenfrequency provided by the eigenmode solver. The group 

velocity is obtained from the numerical derivative of the dispersion curve. 

2.3. Fabry Perot Cavity Antenna Theory 

  A FPCA is a type of antenna that utilizes a resonant cavity to reshape the radiation 

pattern of its primary source. It is recognized for its high gain and low-profile attributes 

[51]. Various studies indicate its potential in mobile communications [52-55], WiBro and 

WLAN applications [56-58], among others [59-61]. As illustrated in Figure 2.13, for 

most designs of FPCA, the key components include the primary source, metal ground 

or high impedance surface, and the Partially Reflective Surface (PRS). Radiation 

waves emitted from the primary source undergo multiple reflections within the resonant 

cavity formed by both the PRS and the metal ground. This repeated reflection process 

reshapes the wavefront and allows for the energy to be spread over a wide transverse 
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area, yielding a radiation pattern gain that exceeds that of the primary source.  

 

Figure 2.13: Schematic of the FPCA showing the operating principles: a primary source is coupled to a 

resonant cavity defined by the PRS and metal ground. The antenna radiates by way of the resonant 

cavity leaking energy through the PRS.  

  The primary source can manifest as either a singular radiating element or a radiating 

antenna array. Potential radiating elements encompass the coaxial antenna, loop 

antenna, orthogonal (90°) coaxial antenna, and the slotted waveguide antenna [51]. 

  As shown in Figure 2.13, from a ray optics perspective, when the radiation beam is 

pointing to broadside, the air resonant cavity's thickness ℎ is given by: 

 
𝜑𝑃𝑅𝑆 + 𝜑𝑔𝑛𝑑 −

4𝜋

𝜆0
ℎ = 2𝑛𝜋, 𝑛 =  0, ±1,±2. .. (2.35) 

where 𝜑𝑃𝑅𝑆 is the reflection phase of the PRS, 𝜑𝑔𝑛𝑑 = −𝜋 is the reflection phase of the 

metal ground, and 𝜆0 is the working wavelength in free space. This ensures consistent 

phase distribution in the radiation aperture, leading to higher radiation directivity. In the 

case when the reflection phase of PRS is close to the metal ground, the resonant 

cavity’s thickness will be about 0.5𝜆0 [51]. 

  PRS can be realized using various configurations, including dielectric substrates [62], 

metallic meshes [63], or periodic metal patches on dielectric substrates [64]. A 
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thorough analysis, characterization, and optimization of these PRS configurations can 

improve the overall performance of the FPCA. 

  The enhancement in directivity, resulting from the use of PRS, can be determined 

using the equation: 

 𝐷𝑃𝑅𝑆 = 10 log10
1+𝑅

1−𝑅
, 0 < 𝑅 < 1 (2.36) 

where 𝑅 represents the reflection magnitude of the PRS. Equation (2.36) indicates that 

higher reflection magnitude from the PRS leads to an increase in antenna directivity. 

However, this assumes that the PRS and the metal ground are sufficiently large in the 

transverse direction, meaning that at the boundary of the PRS, the energy must have 

decayed to less than -10 dB relative to the primary source. 

  The Q-factor of the resonator formed by the PRS and metal ground can be calculated 

with the following equation: 

 Q =  
−𝜋

ln(R)
 (2.37) 

  Equation (2.37) implies that higher reflection magnitude will lead to a high Q-factor. 

As a result, high directivity of the FPCA is accompanied by strong resonance within its 

cavity, implying a narrow bandwidth for the FPCA.  

  Typically, the fractional bandwidth of a FPCA is a few percent, this bandwidth is 

inversely proportional to the antenna's directivity. As a result, the product of the gain 

and fractional bandwidth is a valuable metric for evaluating the FPCA's performance. 

  In this thesis, the 3 dB gain bandwidth product (GBWP) is defined as follows: 

 
𝐺𝐵𝑊𝑃 = (

𝐵𝑊

𝑓𝑐
) × 100 × 10𝐺/10 (2.38) 

where 𝐵𝑊 signifies the 3 dB gain bandwidth, 𝑓𝑐 denotes the center frequency of the 

𝐵𝑊, and 𝐺 represents the antenna gain in decibels.  
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  As discussed in Section 2.1.1, from a LWA perspective, the FPCA is fundamentally a 

2D LWA. The radiative energy originating from the primary source undergoes a 

progressive attenuation during its radial propagation. In the terahertz band, the 

commonly used primary sources are the open-ended waveguide or modified 

waveguide fed slot for impedance matching, which will launch both TE and TM 

cylindrical leaky wave modes inside the cavity. Although various high-order modes are 

launched, the far-field radiation pattern of the FPCA is primarily determined by the 0th 

and 1st order leaky wave modes [65, 66]. 

  The far-field radiation pattern of FPCA corresponding to the TE mode in spherical 

coordinates (𝑟, 𝜃, 𝜑) is [1]: 

 𝐸𝜃(𝑟, 𝜃, 𝜑) = 𝑅(𝑟) 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜑 𝐶(𝜃) (2.39) 

 𝐸𝜑(𝑟, 𝜃, 𝜑) = −𝑅(𝑟) 𝑠𝑖𝑛 𝜑 𝑃1(𝜃) (2.40) 

In the spherical coordinates, 𝑟 represents the radial distance, 𝜃 is the polar angle, and 

𝜑 is the azimuthal angle. The far-field radiation pattern for the TM mode is [1]: 

 𝐸𝜃(𝑟, 𝜃, 𝜑) = 𝑅(𝑟) 𝑐𝑜𝑠 𝜃 𝑐𝑜𝑠 𝜑 𝑃1(𝜃) (2.41) 

 𝐸𝜑(𝑟, 𝜃, 𝜑) = −𝑅(𝑟) 𝑠𝑖𝑛 𝜑 𝐶(𝜃) (2.42) 

In both cases, 

 
𝑅(𝑟) = −

𝑗𝜔𝜇0

4𝜋𝑟
𝑒−𝑗𝑘𝑜𝑟 (2.43) 

 
𝑃1(𝜃) =

2𝑗

𝑘𝜌
−

4𝑗𝑘𝜌

𝑘𝜌
2 − 𝑘𝑜

2 𝑠𝑖𝑛2 𝜃
 (2.44) 

 
𝐶(𝜃) =

−2𝑗

𝑘𝜌
 (2.45) 

where 𝑘𝜌 = √𝑘𝑥
2 + 𝑘𝑦

2 = 𝑘𝑜(𝛽 − 𝑗𝛼)  represents the transverse complex 

wavenumber of the cylindrical leaky waves, 𝑘𝑜 represents the free space wavenumber, 
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𝛽 denotes the normalized phase constant and 𝛼 represents the normalised leakage 

rate. Consequently, the radiation pattern can be ascertained by analysing the 𝑘𝜌
𝑇𝐸 and 

𝑘𝜌
𝑇𝑀 values of both the 0th and 1st order leaky wave modes [65]. The TRM can be used 

to perform a dispersion analysis of the leaky waves propagating inside the resonant 

cavity. This topic will be discussed in the next section. 

  As illustrated in Figure 2.13, the beam pointing angle, denoted as 𝜃 is shown. When 

the leakage rate of the cylindrical leaky wave undergoes weak attenuation, the beam 

pointing angle 𝜃 can be determined by the following relationship: 

 
𝜃 = sin−1

𝑘𝜌

𝑘𝑜
 

(2.46) 

Consequently, for the FPCA, beam scanning is feasible by adjusting the frequency. 

When the radiation angles for both TE (H-plane) and TM (E-plane) modes are close to 

zero, the two symmetric beams coalesce to form a broadside pencil beam. 

  To point a pencil beam towards the broadside, nearly degenerate TE  and TM 

cylindrical leaky wave modes must be excited, satisfying the following conditions [1]: 

 𝑘𝜌
𝑇𝐸 ≈ 𝑘𝜌

𝑇𝑀 (2.47) 

 𝛽𝑇𝐸 ≤ 𝛼𝑇𝐸 (2.48) 

 𝛽𝑇𝑀 ≤ 𝛼𝑇𝑀 (2.49) 

  It is noteworthy that as the frequency increases and the phase constant 𝛽 exceeds 

the leakage rate 𝛼 , the pencil beam will then split, resulting in a conical radiation 

pattern. In this context, 𝛽𝑇𝐸 ≈ 𝛼𝑇𝐸 ≈ 𝛽𝑇𝑀 ≈ 𝛼𝑇𝑀 delineates the beam splitting condition 

for the FPCA [1]. 

  The directivity bandwidth product (DBWP) of a simplified FPCA design as shown in 

Figure 2.13 is given by [67]: 
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𝐷 × 𝐹𝐵𝑊 ≈

2.47

𝜀𝑟
 (2.50) 

where 𝐹𝐵𝑊 denotes the fractional bandwidth of the FPCA, and 𝜀𝑟 is the permittivity of 

the material that fills the resonant cavity. As a result, low permittivity dielectric materials 

are preferred to achieve a higher directivity-bandwidth product. The bandwidth 

limitation in maintaining the directivity of the FPCA arises from its inherent resonance 

characteristics. At both the lower and upper bounds of the 3 dB directivity bandwidth, 

the pencil beam bifurcates into two conical beams, leading to a reduction in directivity. 

  In the existing literature, researchers have proposed various optimization techniques 

to address these constraints and enhance the GBWP or the DBWP. One technique to 

enhance the 3 dB gain bandwidth of a FPCA involves optimizing the unit cell of the 

PRS. As elucidated in [68], the unit cell exhibits a reflection phase curve versus 

frequency with a positive slope. This leads to the presence of multiple resonant points 

that satisfy the broadside radiation condition, subsequently broadening the operational 

bandwidth. 

  Furthermore, a tapered PRS with gradient index (GRIN), can also facilitate broadside 

radiation resonance over an expanded bandwidth. In [69, 70], a PRS, featuring a radial 

gradient in permittivity is utilized to compensate the phase front across the aperture, 

thus attaining a greater 3 dB GBWP [71]. This tapered PRS can also be achieved by 

manipulating the effective permittivity of the unit cell. This manipulation can be 

achieved by altering the air filling rate, obviating the need for material modifications 

during PRS fabrication. In Chapter 4, a terahertz band FPCA, 3D-printed with all-

dielectric PRS, is proposed. This design adopts the aforementioned method to achieve 

a broader 3 dB GBWP. 

  Besides optimizing the design of the PRS, a broader GBWP can also be attained by 
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optimising the shape of the resonant cavity. Several techniques can be employed, 

including integrating the resonant cavity with a spherically modified geometry [72], 

incorporating a conical horn [73], or introducing a trapezoid shape at the edge of the 

metal ground [71]. These adjustments can gradually modify the reflective phase, 

thereby achieving a wider bandwidth resonance. 

2.4. Transverse Resonance Method 

  In this section, the fundamental principles of the TRM are presented. Throughout this 

thesis, TRM is employed for modal analysis of leaky wave modes in FPCA resonant 

cavities. The TRM models the resonant cavity, PRS, and metal ground as an equivalent 

transmission line model (TLM). This modelling approach gives rise to the Transverse 

Resonance Equation (TRE) and a dispersion analysis of modes propagating within the 

resonant cavity can be conducted by numerically solving the transcendental TRE. 

  The versatility of the TRM extends beyond the aforementioned application. While it 

effectively analyses LW modes in open resonant cavities, it can also evaluate resonant 

modes within closed waveguide structures, given that these have a uniform cross-

sectional profile [74]. 

  As illustrated in Figure 2.14, the cross-section of the simplified FPCA model 

comprises a PRS and a metal ground. The reference plane, as delineated in Figure 

2.14, is selected at the interface between the PRS and the air cavity, specifically for 

the TRM analysis.  
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Figure 2.14: Cross-section of the air cavity formed by PRS and PEC reflective ground and corresponding 

TLM for TRM analysis.  

  The characteristic impedance with TLM is given by: 

 𝑍0 = 120𝜋 (2.51) 

 
𝑍𝑑 =

𝑍0

√𝜀𝑟𝑑

 (2.52) 

  For modes that propagate within the air cavity, it is assumed there is no variation in 

the Y direction, the Z component of the wavenumber can be defined by the following 

equation: 

 
𝑘𝑧0

= √𝑘0
2 − 𝑘𝑥

2
 (2.53) 

 
𝑘𝑧𝑑

= √𝑘𝑑
2 − 𝑘𝑥

2
 (2.54) 

Here, 𝑘𝑧0
 denotes the Z component of the wavenumber corresponding to the resonant 

modes in the air cavity. Meanwhile, 𝑘𝑧𝑑
 signifies the Z component of the wavenumber 

for the resonant modes within the PRS. 

  The characteristic impedance encountered by both TE  and TM  resonant modes is 

intrinsically related to the wavenumber. This relationship can be articulated as follows: 
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𝑍0

𝑇𝐸 =
𝑘0

𝑘𝑧0

𝑍0 (2.55) 

 
𝑍𝑑

𝑇𝐸 =
𝑘𝑑

𝑘𝑧𝑑

𝑍𝑑 (2.56) 

 
𝑍0

𝑇𝑀 =
𝑘𝑧0

𝑘0
𝑍0 (2.57) 

 
𝑍𝑑

𝑇𝑀 =
𝑘𝑧𝑑

𝑘𝑑
𝑍𝑑 (2.58) 

  For both TE and TM modes, the input impedance above the reference plane can be 

expressed as: 

 
𝑍𝑢𝑝 = 𝑍𝑑

𝑇𝐸/𝑇𝑀
(
𝑍0

𝑇𝐸/𝑇𝑀
+ 𝑗𝑍𝑑

𝑇𝐸/𝑇𝑀
tan(𝑘𝑧𝑑

ℎ𝑑)

𝑍𝑑
𝑇𝐸/𝑇𝑀

+ 𝑗𝑍0
𝑇𝐸/𝑇𝑀

tan(𝑘𝑧𝑑
ℎ𝑑)

) (2.59) 

  For both TE and TM modes, the input impedance beneath the reference plane can 

be represented as: 

 𝑍𝑑𝑜𝑤𝑛
𝑇𝐸/𝑇𝑀

= 𝑗𝑍0
𝑇𝐸/𝑇𝑀

tan(𝑘𝑧0
ℎ𝑟) (2.60) 

  In scenarios where the leaky wave radiation beam's orientation is near the broadside 

direction, 𝑘𝑧𝑑
 can be approximated by 𝑘𝑧0

. Finally, the TRE can be formulated as: 

 𝑍𝑢𝑝 = −𝑍𝑑𝑜𝑤𝑛 (2.61) 

  Upon formulation of the TRE, the numerical complex root-finding technique can be 

employed to determine the wavenumber of the resonance modes. 

2.5. Fundamentals of 3D Printed Antenna 

  Additive manufacturing (AM), commonly referred to as 3D printing, offers enhanced 

flexibility in fabricating antennas with intricate geometries, and is often considered 

advantageous in terms of being both environmentally friendly and cost-efficient due to 
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less waste and more efficient use of material. Furthermore, 3D printing of antennas 

offers a rapid method for validating a proof of concept in antenna design. This is crucial 

for researchers engaged in antenna design and verification. In this section, an 

overview of the commonly used 3D printing technologies for antenna fabrication is 

provided. This background information is used to inform the FPCA antenna design 

presented in Chapter 4. 

  The four predominant AM processes most utilized in antenna design are fused 

deposition modelling (FDM), stereolithography (SLA), jet modelling (JM), and selective 

laser sintering (SLS) [75]. Each of these additive manufacturing processes possesses 

unique attributes. Specifically, FDM is recognized for its cost-effectiveness and 

adaptability [76], whereas SLA is distinguished by its enhanced resolution and 

precision [77].  

2.5.1. Fused Deposition Modelling (FDM) 

  Fused Deposition Modelling (FDM) offers a significant cost advantage over other 3D 

printing techniques [77]. This is largely attributed to contributions from open-source 

communities and commercial ventures, resulting in competitively priced FDM-based 

printers [78]. Furthermore, thermoplastic filaments, integral to the FDM process, are 

cost-effective consumables. In the FDM printing process, continuous filaments of 

thermoplastic polymers are mechanically fed to the extrusion nozzle, where they are 

melted. Guided by a precision stepper motor, the nozzle follows a pre-programmed 

path on a horizontal plane to print a two-dimensional layer. Subsequently, it ascends 

vertically (or the model descends) and initiates the deposition of the succeeding layer. 

This sequence continues until the entire object is fabricated [75-78].  
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  While FDM boasts rapid print cycles, the layer-by-layer deposition can introduce 

mechanical vulnerabilities within the printed assembly [77]. Commercial FDM systems 

typically achieve resolutions between 100-300 microns. Through meticulous system 

optimization, resolutions between 50 and 70 microns can be achieved. However, 

achieving sub-100 micron resolution necessitates significant modifications beyond 

standard commercial FDM capabilities [79]. Consequently, FDM printed structures 

typically display a coarse surface finish. However, this can be ameliorated through 

techniques such as mechanical sanding or chemical etching to improve the surface 

texture. Furthermore, a conductive layer can be applied to the printed structure using 

a metallization process, such as electroplating process, conductive spray coating, 

enabling the fabrication of antennas requiring conductive surface [75, 76]. 

  Over the years, FDM 3D printing techniques have been employed in the manufacture 

of various antennas. Nevertheless, the inherent limitations in the print resolution of the 

FDM process restrict the operational frequency range of antennas fabricated using this 

method. In [80], Yao et al. present the design and fabrication of Ka band pyramidal 

horn antennas operating at 28 GHz using FDM 3D printing. The antennas are based 

on a standard gain horn designed for 20 dBi gain. Two metallization techniques are 

explored, copper tape and conductive copper paint applied to the 3D printed plastic 

substrate. This work demonstrates the feasibility of fabricating millimetre-wave 

antennas using low cost FDM 3D printing and metallization. Similarly, in [81], a 

lightweight X-band waveguide horn antenna using FDM 3D printing and conductive 

spray coating is proposed.  

  In addition, the simple FDM printing process enables rapid prototyping of GRIN lens 

antennas. Through the control of the dielectric filling ratio within individual unit cells, it 
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becomes feasible to achieve precise modulation of the effective permittivity. In [82], 

Kim et al. propose a lightweight 3D-printed GRIN lens antenna for millimetre-wave 

applications. The lens is fabricated using FDM with polylactic acid (PLA) filament. The 

GRIN profile is achieved using hollow honeycomb unit cells. The lightweight fractal 

lens fed by a Yagi antenna demonstrates stable gain performance from 24 to 32 GHz.  

2.5.2. Stereolithography (SLA) 

  SLA was invented in 1986 and is among the earliest 3D printing technologies 

developed [77]. During the printing process, a UV light source is directionally projected 

onto the surface of a UV-curable resin or monomer solution. The resin or monomer 

solution, upon exposure to the UV light within the targeted area, undergoes a 

polymerization chain reaction, resulting in its transformation into a polymer which then 

solidifies. By precisely controlling the area and scanning path of the UV exposure, the 

shape of each solidified layer post-printing can be controlled. Subsequently, by 

adjusting the depth at which the solidified structure is submerged inside the resin, the 

thickness of the subsequent layer is determined. The combination of a thin layer 

thickness and a high-resolution laser ensures a smooth surface finish in SLA-printed 

parts [75, 83]. 

  After the printing process is completed, it is essential to remove any uncured resin 

from the printed structure. However, the liquid resins require cautious handling due to 

toxicity. Additionally, for certain printed structures, it may be necessary to continue 

exposing them to a UV light source or apply heat until they are fully cured to enhance 

their mechanical strength [77]. By introducing ceramic or silica particles into a 

photosensitive resin or a monomer solution, it becomes feasible to achieve the SLA 



Chapter 2 Theoretical Background 

57 

printing of structures made from ceramic or silica composite materials [84-86]. SLA can 

achieve resolutions as precise as 10 microns, while most prints can achieve up to 25 

microns resolution [75, 87]. 

  In the typical design process of composite photosensitive resins, their potential 

application in antenna manufacturing has often been overlooked. As a result, prior to 

the design of a 3D printed antenna, it becomes necessary to characterize the 

electromagnetic properties in-house, specifically focusing on parameters such as 

permittivity and loss tangent. 

  The effectiveness of SLA in fabricating complex antenna structures for millimetre-

wave frequencies is evidenced by various studies. Tak et al. [88] introduced a 3D 

printed W-band slotted waveguide array antenna, monolithically fabricated using SLA 

with an acrylate-based photopolymer resin. It was metallized with silver via a jet 

spraying process, demonstrating a gain of 22.5 dBi and a sidelobe level of -13.5 dB at 

78.7 GHz. In [89], Lomakin et al. present the design, fabrication and measurement of 

a 3D printed 77 GHz helical antenna using SLA. In [90], Palomares-Caballero et al. 

present the design and fabrication of a multilayer aperture antenna array operating at 

70 GHz based on glide-symmetric holey gap-waveguide technology and split E-plane 

waveguides. The array is fabricated using high-precision SLA with subsequent copper 

plating, demonstrating the potential of SLA for low-cost, lightweight manufacturing of 

multilayer antennas at millimetre-wave frequencies. 

2.5.3. Jet Modelling (JM) 

  Jet Modelling (JM), Multi Jet Modelling (MJM) or Multi Jet Printing (MJP), is an AM 

technique that uses inkjet printhead to jet photopolymer materials in a layer-by-layer 
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manner to build 3D objects. The printheads selectively deposit droplets of liquid 

photopolymer and wax-based support material onto a build platform. The 

photopolymer immediately cures and solidifies due to UV light exposure. MJP allows 

for high accuracy and detailed resolution down to 16 microns layer thickness. Parts 

can be printed with complex geometries without the need for support structure [75, 91-

93]. Once the full 3D geometry is complete, the wax support material is melted and 

drained away in a post-processing step, leaving only the hardened photopolymer part. 

MJP enables the fabrication of intricate shapes with fine details not achievable through 

traditional fabrication processes. The rapid solidification of the photopolymer layers 

produces minimal internal stresses, avoiding warpage distortion issues faced in other 

additive methods involving material cooling. MJP is suited for prototyping and low-

volume manufacturing of end-use polymer parts, with applications ranging from design 

validation to tooling patterns and functional end products. MJP offers several 

advantages including high resolution, multi-material capabilities, reduced material 

waste, and low temperature operation. However, the MJP process is currently limited 

to photocurable polymers, which have inferior mechanical strength compared to 

traditional materials and require post-processing, such as UV post-curing, to achieve 

a finer surface finish [91, 92]. 

  The advanced design of JM printers allows the integration of multiple nozzles, 

potentially numbering in the hundreds, into one printhead. Such a configuration 

provides increased flexibility, enabling instantaneous material changes during the 

printing stage [75]. Consequently, it becomes possible to adjust the permittivity in 

specific areas of a 3D-printed antenna during its fabrication process. 

  In [94], three lenses were fabricated using a MJM 3D printer with a proprietary plastic 



Chapter 2 Theoretical Background 

59 

material, VisiJet. The study indicates that MJM is a viable rapid fabrication technique 

for terahertz lens antennas. Nonetheless, optimization of lens designs and material 

selection is essential to reduce dielectric losses. 

2.5.4. Selective Laser Sintering (SLS) 

  Selective Laser Sintering (SLS) is a type of 3D printing technique within the Power 

Bed Fusion category, which also includes Selective Laser Melting (SLM), Electron 

Beam Melting (EBM), Direct Metal Laser Melting (DMLM) and Direct Metal Laser 

Sintering (DMLS) [83], but the most commonly used methods among them for antenna 

fabrication is SLS [75].  

  SLS employs a meticulous process wherein a carefully prepared powder, spanning a 

variety of materials like polymers, metals, or alloys, is spread on a build platform. A 

high-energy laser selectively sinters the powder within the focused area, causing 

molecular-level fusion without fully melting the particles. After sintering one area, the 

laser moves to the next specified point, progressively completing the 2D layer. Once 

this layer is finished, a roller evenly spreads another layer of powder over the build 

platform. The laser then continues the sintering process for this new layer, sintering 

the powder in the defined areas. This layer-by-layer approach is repeated until the 

entire three-dimensional structure is precisely fabricated [95]. The mechanism 

empowers the production of parts characterized by uniform density and notable 

mechanical properties, albeit often necessitating post-processing due to surface 

roughness considerations [77].  

  In [96], Ferrando-Rocher et al. demonstrated a dual-band antenna array for K and Ka 

bands using SLS metal 3D printing. While SLS exhibited minor inefficiencies due to 
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surface roughness compared to CNC, it provided comparable performance in a 

reduced time for antenna sample fabrication. Consequently, despite its precision and 

surface finish challenges, SLS offers a promising method for producing flat panel 

antennas at microwave frequencies. 

2.5.5. Two-photon Polymerization (2PP) 

  The concept of 3D printing through 2PP was first proposed by Göppert-Mayer in 1931 

[97, 98]. As shown in Figure 2.15(a), during the printing process, the photosensitive 

material solidifies only at the focal volume of the laser pulse illumination due to the 

simultaneous absorption of two photons when the energy exceeds a certain threshold, 

leading to a polymerization reaction. This process is termed as Two-Photon Absorption 

(TPA) [99]. The volume where energy exceeds the threshold are referred to as 

polymerization voxels. In areas outside the focal volume, even though they are within 

the beam of laser illumination, the photosensitive material remains unsolidified 

because the energy does not exceed the TPA threshold [98].  

  
(a) (b) 

  
(c) (d) 

Figure 2.15. 2PP 3D print process. (a). laser beam focusing within the voxel. (b). 3D printing process. 

(c). Developing after fabrication. (d). Structure after 3D printing. The figures are reproduced from [100]. 
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  As shown in Figure 2.16, utilizing precise control over the scanner and translational 

stages, the laser's focal point is systematically shifted within the 2PP photosensitive 

material. This allows for the selective solidification of designated regions, culminating 

in the 3D printing of the complete structural design [101], as shown in Figure 2.15(b). 

Following the printing process, the printed structure should be extracted from the 

printer and immersed in the solvent developer to eliminate any residual photosensitive 

material on its surface [98], as shown in Figure 2.15(c).  

 

Figure 2.16. Typical setup of a DLW machine. The figure is reproduced from [100]. 

  By changing lenses of the laser source, one can modify the focal volume size, offering 

flexibility in changing the polymerization voxel size before the printing phase. This, in 

turn, allows for precise control of print resolution. 2PP can achieve a 3D printing 

resolution as fine as 100 nm [98, 101]. However, this precision comes at the cost of 

reduced printing speed. To expedite the printing process for larger structures, adjusting 

the lens for a larger voxel size can reduce the printing resolution, thereby increasing 

the printing speed. Enhancing the printing speed presents a multifaceted challenge in 

engineering. Key parameters, such as printing resolution, laser scanning speed, stage 

movement speed, size of block splitting and print sequencing, play pivotal roles. 
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Additionally, a careful consideration must be given to balance the speed with the 

desired print quality. 

  2PP is also referred to as direct laser writing (DLW), femtosecond laser writing, dip-

in laser lithography (DiLL), multiphoton SLA, or 3D laser lithography [98]. The main 

distinctions between 2PP and SLA lie in the type of light source they use and the 

corresponding photo-curable materials. During the print process, 2PP doesn't employ 

UV light source; rather, it uses near-infrared femtosecond laser source [101]. 

Additionally, the printing material for 2PP is a photosensitive substance that is tailored 

to support the TPA within the focal volume illuminated by the laser source, differing 

from those materials that solidify immediately under UV light exposure. but UV light 

curing of the post printing structure is still possible. 

  Currently, owing to the limitations in resolution of 3D printing technologies, most 3D 

printed antennas are limited to the lower frequency bands. The fabrication of 3D-

printed antennas for the terahertz band demands exceptionally high resolution. As a 

result, only a limited number of 3D print FPCA operating in the terahertz band have 

been proposed and characterized [102-104]. The 2PP 3D printing technique, 

renowned for its high-resolution capabilities, offers a promising approach to fabricate 

antennas with intricate details tailored for terahertz band operation. In this study, the 

2PP process is utilized to fabricate a terahertz band FPCA. A comprehensive 

discussion on this topic, including design considerations and performance evaluations, 

will be provided in Chapter 5 of this thesis. 

2.6. Summary 

  In this chapter, the theoretical background necessary for understanding the proposed 
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two LWAs is provided. It begins with an in-depth discussion of LWAs, covering 

fundamentals, eigenmode selection, open stopband suppression, and the concept of 

the DLWA, which provides detailed knowledge related to the DLWA proposed in 

Chapter 4. Following this, various dispersion analysis methods used in Chapter 4 for 

accurate LWA unit cell design are examined, including the transfer matrix method, 

MPM, and the complex eigenmode solver. This chapter also explores FPCA theory and 

the TRM as the basic knowledge for the FPCA proposed in Chapter 5. Additionally, it 

delves into the fundamentals of 3D printed antennas, discussing different 

manufacturing techniques such as FDM, SLA, JM, SLS as the background and 

comparing these with the 2PP technique. The subsequent chapter will conduct a 

literature review of DLWA and terahertz FPCA, where the research gaps will be further 

identified and discussed. 
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Chapter 3 

 

3Literature Review 

3.1. Introduction 

  In Chapter 2, the theoretical background of Dirac leaky wave antenna (DLWA) and 

Fabry-Perot cavity antenna (FPCA) was discussed. This chapter conducts a further 

literature review, summarizing the published works related to DLWAs and terahertz 

FPCAs. Additionally, this chapter evaluates the strengths and limitations of previous 

research, identifying gaps in the literature that this thesis aims to address. In Section 

3.2, a literature review of the published work of DLWAs is presented. In Section 3.3, a 

literature review of terahertz FPCAs is introduced. A summary of this chapter is 

presented in Section 3.4 

3.2. Review of DLWAs 

  As discussed in Section 2.1.3, a DLWA is a type of leaky wave antenna (LWA) whose 

leaky mode exhibits Dirac-type dispersion without a bandgap at broadside. 

Consequently, it avoids the issues of reduced radiation at broadside and fluctuations 

in gain and efficiency.  

  In [1], a DLWA formed by a photonic crystal that utilizes high permittivity dielectric 

rods inside a top-perforated PEC waveguide is proposed. This DLWA unit cell achieves 

an accidental degeneracy of TM Bloch eigenmodes by carefully tuning its geometrical 
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dimensions. As shown in Figure 3.1(a), the top-perforated slots are used to leak the 

energy outside of the metal waveguide.  

 
(a) 

 
 

(b) (c) 

Figure 3.1. DLWA formed by top-perforated PEC waveguide unit cells. (a) The unit cell design. (b) DLWA 

formed by 19 cascaded photonic crystal unit cells. (c) The radiation pattern of the DLWA. The figures 

are reproduced from [1]. 

  The DLWA achieves a scanning range from +61 degrees to -37 degrees over 

frequencies from 8.3 THz to 11.12 THz, with continuous beam scanning from backward 

to forward direction by suppressing the open stop band, as depicted in Figure 3.1(c). 

A decrease in gain can be seen in Figure 3.1(c) when the beam scans over the 

broadside direction. It is worth noting that [1] provides only simulation results; no 

measured results are presented for the proposed DLWA design. 

  In addition to metal waveguides, the DLWA unit cell can also be adapted for other 

waveguide structures. In [2], a DLWA unit cell utilizing a ridge gap waveguide (RGW) 
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filled with silicon dioxide is introduced. As illustrated in Figure 3.2(a) and Figure 3.2(b), 

a silicon rod is placed inside the RGW to modulate the guided mode. The design of the 

RGW unit cell employs the method akin to that in [1], where a rod with higher 

permittivity is positioned inside the waveguide to facilitate the mode degeneration of 

leaky eigenmodes. 

 
(a) 

 
(b) 

 

  
(c) (d) 

Figure 3.2. A DLWA formed by RGW unit cells. (a) Perspective view of the RGW unit cell. (b) Side view 

of the RGW unit cell. (c) DLWA formed by cascaded 17 RGW unit cells. (d) Simulated 𝑆11 of the RGW 

DLWA. The figures are reproduced from [2]. 

  As shown in Figure 3.2(d), at the broadside frequency of approximately 520 GHz, the 

simulated 𝑆11 of the RGW DLWA peaks at -12 dB. This is attributed to the cumulative 

energy reflection from the 17-unit cells, which is a result of the partially open bandgap. 

The simulation results indicate that the RGW DLWA can achieve beam scanning from 
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-30 degrees to +55 degrees by varying the frequency from 430 GHz to 550 GHz. So 

far, only simulated results have been reported in [2]. 

  In [3], a Ku band DLWA based on parallel plate waveguide (PPW) is introduced. The 

unit cell is formed by cutting slots on the top layer of PPW, as shown in Figure 3.3(a). 

A prototype of the 1D PPW DLWA, illustrated in Figure 3.3(b), is fabricated in [3], 

employing Rogers RO4003 as the dielectric substrate. The 1D PPW DLWA shows a 2 

to 4 degrees beam pointing angle deviation between simulation and prototype 

measurement due to fabrication error. 

 

 

      (a) 
 

     (b) 
 

 
 

(c) (d) 

Figure 3.3. DLWA based on PPW. (a) Design of the unit cell. (b) Prototype of 1D PPW DLWA. (c) Top 

view of 2D PPW DLWA design. (d) Simulated 𝑆-parameters of the 2D PPW DLWA. The figures are 

reproduced from [3]. 

  In [3]. a 2D DLWA design is also proposed. The extended PPW DLWA is formed by 

8×8 unit cells. A substrate integrated waveguide (SIW) based power divider is used to 
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split the power and excite the 2D unit cells to achieve a pencil beam radiation pattern. 

It is worth noting that, the simulated 𝑆11 of the 2D PPW DLWA peaks at -9.25 dB when 

measured at the Dirac frequency, indicating that there remains a partially open 

bandgap. Compared to the 1D PPW DLWA design, the higher reflection level is directly 

correlated with the greater number of 64 unit cells. Only simulated results of 2D PPW 

DLWA are provide in [3]. 

  

(a) (b) 

 
(c) 

Figure 3.4. A SIW based DLWA. (a) Design of the SIW unit cell. (b) 𝑆11 of the SIW DLWA. (c) Prototype 

of the SIW DLWA. The figures are reproduced from [4]. 

  In addition to the PPW, the SIW can also be used for the DLWA unit cell design. In 

[4], a DLWA formed by SIW with perforated metallic via holes and leakage slots is 

introduced. As depicted in Figure 3.4(a), energy leaks from both sides of the unit cell, 

leading to an omnidirectional fan beam radiation pattern in the complete DLWA design. 

A prototype of the SIW DLWA, consisting of 15 cascaded unit cells, is illustrated in 

Figure 3.4(c) and was fabricated and tested as reported in [4]. Figure 3.4(b) shows that 

the measured 𝑆11 of the prototype peaks at -12 dB at the Dirac (broadside) frequency, 
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although the simulated 𝑆11 indicates that good matching has been achieved. Another 

DLWA based on SIW is introduced in [5], and it shows nearly the same performance, 

as listed in Table 3.1. 

  To avoid high losses in the dielectric and metal ground at submillimetre-wave and 

terahertz bands, a DLWA unit cell design based on the modulated Goubau line is 

introduced in [6]. As shown in Figure 3.5(b), the unit cell utilizes the transverse 

asymmetry of the line width to periodically module the Goubau line for suppression of 

the open stop band (OSB). This DLWA achieves continuous beam scanning from -13.1 

degrees to 19.1 degrees when the frequency varies from 9 GHz to 13 GHz. 

  

(a) (b) 

Figure 3.5. DLWA based on the modulated Goubau line. (a) Design schematic of the Goubau line. (b) 

The prototype of the DLWA based on modulated Goubau line. The figures are reproduced from [6]. 

  In summary, the waveguiding technologies have been proposed to form the unit cell 

of DLWAs including metal rectangular waveguide [1], ridge gap waveguide (RGW) [2], 

parallel plate waveguide (PPW) [3], substrate integrated waveguide (SIW) [4, 5], and 

Goubau line [6], as listed in Table 3.1. 

  It can be seen from Table 3.1 that the measured 𝑆11 of all existing designs of the 

DLWA shows a peak at the broadside frequency. The 𝑆11 peak value correlates with 

the number of unit cells in the DLWA. As listed in Table 3.1, similar 𝑆11 peak at the 

broadside frequency exist for all references except for [1]. Considering that the unit cell 
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number of this work is 100 in the longitudinale direction, more reflections will be 

accumulated than the DLWA design listed in Table 3.1 that has fewer unit cells. It is 

worth noting that, the return loss caused by the reflection at the broadside frequency 

is proportional to the size of the open bandgap. As the bandgap approaches zero, the 

strength of this reflection (called the “mirror strength”) linearly approaches zero [7]. As 

a result, an almost closed bandgap (caused by fabrication tolerances) will still allow 

radiation at broadside with reasonable efficiency and lower reflection. 

  As listed in Table 3.1, these works focused on the design of DLWA unit cells that can 

achieve a close bandgap. However, the SLLs are not optimized. Also, the listed 1D 

DLWAs consist of only a single row of unit cells, limiting aperture expansion to either 

elongating the antenna—unsuitable for compact designs—or complicating the feeding 

network, thus increasing design complexity. 

Table 3.1. Comparison of DLWA between proposed design and other works 

Ref. 
Fabrication 

Technology 

Unit 

Cells 

Frequency 

(GHz) 

Scan Range 

(Deg.) 

Max Gain 

(dBi) 

SLL 

(dB) 

Broadside 

Radiation 
Broadside S11 

(dB) 

S11 Peak at 

Broadside 

[1] Metal 

Waveguide 

19 8300 - 

11120 
−37 to +61 14 to 16 −10 Yes −40 (Sim.) No 

[8] SIW 25 25 - 31 -19 to +18 16.5 N.A. Yes -14.2 (Mea.) Yes 

[5] SIW 15 13.5-16.5 -30 to +30 10 -10 Yes -12 (Mea.) Yes 

[4] SIW 15 13.5-16.5 -30 to +30 12.5 N.A. Yes -12 (Mea.) Yes 

[2] RGW 17 430 - 550 -30 to +55 16.1 -12. Yes -12 (Sim.) Yes 

[3] PPW 19 12 - 17 -47 to +20 13 -10 Yes -20 (Mea.) Yes 

[3] PPW & 

SIW 

8×8 12 - 16 -60 to +18 22.5 -10 Yes -9.25 (Sim.) Yes 

[6] Goubau Line 9 9 -13 -13.1 to 19.1 11 N.A. Yes -10 (Mea.) Yes 

This 

work 

DRW 17×100 220 - 313 −32 to +40 29 −26 to 

−18 

Yes -15 (Sim.), 

−6.4 (Mea.) 

Yes 

 
  Compared to existing works, the DLWA proposed in Chapter 4 is based on a high-

resistivity silicon (HRS) dielectric rectangular waveguide (DRW). The novel DLWA unit 

cell design offers advantages including low loss at the terahertz band, a wider aperture 

size, and optimized SLL. 
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3.3. Review of Terahertz FPCAs 

  The fundamentals, including the background and theory of the FPCA, are discussed 

in Section 2.3. So far, only a few studies on FPCA operating in the terahertz band have 

been reported and demonstrated with measured results.  

  In [9], Chao Gu et al. presented a 3D-printed metal FPCA design, from which two 

prototypes were fabricated. Both prototypes have the same configuration, as illustrated 

in Figure 3.6. The first prototype, fabricated using DMLS, achieved a gain of 15.5 dBi 

at 135 GHz and a 3 dB bandwidth of 20 GHz. 

  

(a) (b) 

Figure 3.6. An H-band 3D-printed FPCA. (a) Resonant cavity configuration with metal unit cell and metal 

ground. (b) Impedance matching layer for performance optimization. The figures are reproduced from 

[9]. 

  The second prototype, which has the same design as shown in Figure 3.6, is 

fabricated through a polymer 3D printing process and subsequently metalized with 

copper via physical vapor deposition (PVD) and electroplating, attained a gain of 12.1 

dBi at 151.25 GHz. Due to the partial metallization of the inner surface and cavity, the 

second prototype exhibits a gain reduction of around 4 dB compared to simulation. 

Additionally, to achieve a broader bandwidth, as shown in Figure 3.6(b), an impedance 
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matching layer was designed to gradually transition the impedance from the waveguide 

to the cavity input. 

  A fully metallic FPCA that operates at 300 GHz is reported by Aqlan et al. in [10], as 

shown in Figure 3.7. The fabrication of the FPCA employs laser-cutting of brass. This 

design achieves a gain of 17.7 dBi at 289 GHz and a 3 dB bandwidth of 22 GHz. A 

step-profiled horn antenna, in conjunction with two slots on the coupling layer, is used 

to couple energy from the open-ended waveguide to the resonant cavity. In the ground 

layer, as shown in Figure 3.7, a slot smaller than the inner dimensions of the open-

ended waveguide is cut for impedance matching. 

 

 
(a) 

 
(b) 

Figure 3.7. Configuration of each layer of a full metallic FPCA. (a) Design schematic of the FPCA. (b) 

Cross-section view of the metallic FPCA. The figures are reproduced from [10]. 
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  A high directivity, micromachined, reconfigurable FPCA is presented by Konstantinidis 

et al. in [11]. The complete structure, as shown in Figure 3.8, is composed of six silver-

coated SU-8 layers. Testing of the prototype demonstrated a maximum gain of 19.1 

dBi at 267 GHz, although the return loss at this band was 2 dB. A matched gain of 15.9 

dBi was achieved at approximately 284 GHz. In a similar manner, a narrower slot in 

the ground plane was utilized to achieve impedance matching with the open-ended 

waveguide. 

 

 
(a) 

 
(b) 

Figure 3.8. Diagrams of a micromachined H-band FPCA. The figures are reproduced from [11]. 

  Typically, an FPCA that operates at the terahertz band is fed by an open-ended 

waveguide. To achieve wideband impedance matching, an extra matching structure is 

usually required to transform the impedance from the open-ended waveguide to the 
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resonance cavity input impedance. Additionally, the matching structure may also be 

used to avoid exciting unwanted modes, such as the TM0 mode which has an 

undesirable radiation pattern [12-14]. The introduction of these matching structures 

introduces additional fabrication complexity, which may be undesirable at high 

frequencies. 

  As discussed above, and listed in Table 3.2, the referenced works employ different 

matching methods between the waveguide and the cavity, including an impedance 

matching layer, horn profiled step layer transitions, and slots on the coupling layer, to 

achieve broader bandwidth impedance matching. 

Table 3.2. Comparison of key performance metrics of this work with other published terahertz FPCAs 

Reference Fabrication Process Extra Matching 

Configuration 

Centre 

Frequency 

(GHz) 

3 dB Gain 

Bandwidth 

(GHz) 

Gain  

(dBi) 

3 dB 

GBWP 

SLL 

(dB) 

[9] DLMS  Impedance 

Matching Layer  

135 20 15.5 458 -13 

[10] Laser Cutting Brass Step Profiled 

Horn Layers and 

2 Slots on 

Coupling Layer 

300 22 17.7 430 -15 

[9] Polymer 3D 

Printing, PVD, 

Electroplating 

Impedance 

Matching Layer 

151.25 31.1 12.1 332.5 -13 

[11] Micromachining Feeding Slot 284 4.5 15.9 61.5 -20 

This work 2PP Direct Laser 

Writing 

WR3 Open-ended 

Waveguide Only 

283.7 23.3 20.3 892 -14  

 
  Table 3.2 shows a comparison of the FPCA proposed in this thesis with other 

published works on terahertz FPCAs. Compared with other published terahertz 

FPCAs, the FPCA proposed in this thesis has the advantage of a higher 3 dB gain 

bandwidth product (GBWP) and low return loss without the need for conventional 

matching structures. 

3.4. Summary 

  In this chapter, the literature review of DLWAs and terahertz FPCA were presented. 
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Details of these works including the design were discussed and their performance 

compared with the DLWA and FPCA designs proposed later in Chapter 4 and Chapter 

5, respectively. 
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Chapter 4 

 

4A Terahertz All-dielectric Dirac Leaky 

Wave Antenna 

4.1. Introduction 

  As discussed in Section 1.1.1 of the thesis, LWAs have been widely employed in 

various applications within the microwave band; however, adapting LWA designs for 

the terahertz band remains challenging. These challenges include developing 

waveguide solutions to minimize both dielectric and Ohmic loss, along with resolving 

the open stop band (OSB) issue that can reduce the gain and lead to high return loss 

at certain scan angles. Numerous studies have been conducted to tackle these 

challenges, aiming to develop a LWA design for future terahertz applications. Despite 

these efforts, as reviewed in Section 3.2, certain proposed solutions exhibit 

shortcomings: they do not effectively mitigate the stopband, leading to high return loss 

most commonly at the broadside radiation angle and high ohmic loss at terahertz band.  

  In this chapter, a periodic Dirac leaky wave antenna (DLWA) is introduced which uses 

an all-dielectric design (except for reflector and feeding waveguide) to achieve high 

efficiency across the H band. A design approach which attempts to use accidental 

mode degeneracy to overcome the common OSB problem is described. 
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  The remainder of this chapter is organized as follows. Section 4.2 describes the 

design of the unit cell of the DLWA and the detailed method for achieving bandgap 

suppression. Section 4.3 presents the design and implementation methods of aperture 

tapered for the DLWA, aiming to achieve a reduced SLL. In Section 4.4, the design of 

the power feeding transition structure from the open-ended waveguide to the dielectric 

waveguide section of the DLWA and the design of its termination are discussed. 

Additionally, details of the complete DLWA design that incorporates the DLWA, 

supporting arms of suspended DLWA and an additional CNC-manufactured fixture are 

presented. Section 4.5 reports the fabrication process of the DLWA. Finally, Section 

4.6 provides an overview of the measurement results of the DLWA, offering a 

comprehensive evaluation of the DLWA’s overall performance and discussing potential 

future improvements. 

4.2. Unit Cell Design and Bandgap Suppression 

  A dielectric slab waveguide (DSW) fabricated from high-resistivity silicon (HRS) is 

chosen as the starting point for the antenna design due to its low propagation loss 

compared to other terahertz waveguiding technologies [1]. HRS has the lowest loss 

tangent of all dielectrics in the terahertz band at room temperature [2]. In this work, 

terahertz time-domain spectroscopy (THz-TDS) is employed to characterize a 4-inch 

HRS wafer, which is utilized in the design of the DLWA. This measurement process 

was conducted by M. Naftaly at the National Physical Laboratory, U.K, and the results 

measured are consistent with those published in the literature for high resistivity silicon 

[3]. The absorption coefficient of the HRS wafer has been measured and is depicted in 

Figure 4.1. The absorption coefficient is a parameter that used to calculate the 
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electromagnetic energy that being absorbed by a material of known thickness. The 

energy absorbed can be calculated using the formula 𝑃 = 1 − 𝑒−2𝛼𝑥, where 𝛼 is the 

absorption coefficient and 𝑥 represent the thickness of the material. As shown in Figure 

4.1, within the spectrum range from 0 to 500 GHz, the HRS wafer exhibits an 

absorption coefficient near zero, indicating negligible dielectric loss at the WR-3 band. 

  This experimental data confirms the considerable advantage in selecting HRS for the 

DLWA fabrication. Figure 4.2 illustrates that, at a frequency of 300 GHz, the refractive 

index of the HRS utilized in the DLWA fabrication is 3.417, corresponding to a 

permittivity value of 11.67. 

 

Figure 4.1. Absorption coefficient of the HRS employed in DLWA fabrication, characterized by THz time-

domain spectroscopy. 

 

Figure 4.2. Refractive index of the HRS employed in DLWA fabrication, characterized by THz time-

domain spectroscopy. 
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  For the purposes of simulation in this Chapter, a permittivity and loss tangent of 11.67 

and 5.18 × 10⁻⁵ , respectively, were used based on these terahertz time-domain 

spectroscopy measurements of the HRS wafers. 

  To enable the guided mode on the DSW to radiate, periodic perturbations are 

introduced in the form of sub-wavelength through-holes. This type of structure supports 

leaky Bloch modes which can be used to realize a frequency-scanning beam. The 

geometry of the unit cell constituting the periodic perturbations is chosen so that the 

desired Bloch mode is readily excited by the 𝐸11
𝑦

 mode on (unperturbed) DSW and the 

structure is compatible with the deep reactive ion etching (DRIE) fabrication process. 

The latter is achieved by choosing straight-walled vertical cylindrical holes passing 

through the HRS wafer. 

 

Figure 4.3. Dispersion diagram for a wave travelling in the Γ → 𝑋 direction for the unoptimized unit cell 

design. Note that a sizeable stopband exists for this unit cell geometry at the Γ  point. Unit cell 

parameters: 𝑎 = 0.5 mm, 𝑏 = 0.167 mm  and silicon thickness ℎ = 0.28 mm. The radii of two holes are 

 𝑟1 = 0.044 mm, 𝑟2 = 0.042 mm, and the distance between them is 𝑑 = 0.127 mm. 

  The eigenmode solver in CST Microwave Studio 2021 was used to calculate the 
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dispersion properties of the leaky Bloch modes supported by the DSW with periodic 

perturbations. Tetrahedral meshing and the “general (lossy) eigenmode” solver method 

were employed which allows the accurate determination of an eigenmode’s Q-factor in 

open structures [4]. The inset in Figure 4.3 shows the initial unit cell design which 

consists of two cylindrical holes through an HRS wafer. This geometry will be later 

optimized to suppress the OSB. The unit cell is initially assumed to be infinitely periodic 

in both the 𝑥- and 𝑦-directions to simplify analysis and the finite extent of the structure 

in the y-direction will be considered later. Periodic boundary conditions (PBCs) are 

used in the ±𝑥 and ±𝑦 directions and open boundaries conditions (OBCs) are used in 

the ±𝑧 direction to allow for radiation. 

  The calculated dispersion diagram for the leaky Bloch modes travelling in the Γ → 𝑋 

direction (𝑘𝑦 = 0) is shown in Figure 4.3 as a function of the phase angle 𝑘𝑥𝑎. It can 

be observed that a sizeable stopband exists between the two modes at the Γ point, 

meaning that this design will be unable to frequency scan the beam through broadside. 

The stopband may be suppressed by ensuring that the two eigenmodes at the Γ point 

have the same frequency and are therefore degenerate. This has been referred to as 

“frequency balancing” in LWA unit cell design [5]. Additionally, it is suggested in [6] that 

the Q-factor of both modes at the Γ point should be to tuned to nearly the same value 

for “Q-balancing” [6]. A LWA with both a frequency- and Q-balanced design will then 

be able to achieve a continuous beam scan through the broadside direction while 

maintaining a low VSWR [7]. 

  As explained in Section 2.1.2, deterministic degeneracy emerges due to the 

symmetry of the unit cell whereas accidental degeneracy arises due to an appropriately 

designed unit cell structure which depends on its exact geometry and permittivity of its 
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constituents [8, 9]. Here, we attempt to optimize the unit cell so that the two leaky Bloch 

modes have a suppressed stopband at broadside through accidental degeneracy at 

the Γ point. Moreover, it is known that accidental degeneracy can lead to a linear or 

Dirac-like dispersion characteristic [10]. This is advantageous for beam-scanning in a 

LWA as the scan rate is constant with frequency. 

 

(a) 

 

(b) 

Figure 4.4. Parameter optimisation to close the OSB through (a) tuning 𝑟1/𝑟2, and (b) tuning 𝑑. The red 

circles represent the simulated sample results, while the blue curve is obtained by connecting these 

points. 

  To realize the accidental degeneracy, two geometric parameters related to the 

cylindrical holes in the unit cell are tuned: 𝑟1/𝑟2, the ratio of the radii of the two holes, 

and 𝑑, the distance between the two holes. Figure 4.4 shows the effect of changing 
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these parameters on the two eigenmode’s frequencies at the Γ point. It can be seen 

that by choosing 𝑟1/𝑟2 = 0.976  and 𝑑 = 0.138  mm, the modes can be made 

degenerate at the Γ point of the Brillouin zone and the OSB closed. 

 

 

(a) Mode 1 

 

(b) Mode 2 

Figure 4.5. Plot of the electric field for the two degenerate modes at the Γ point. (a) Mode 1 and (b) 

Mode 2 at 223.78 GHz. Unit parameters: 𝑟1 = 0.041 mm, 𝑟2 =  0.042 mm, 𝑑 = 0.138 mm , unit cell 

height = 0.28 mm. 

  To achieve Q-balance [7], we need to ensure they have the same Q-factor when the 

frequency corresponds to the broadside radiation direction. The Q-factors are directly 

accessible during the eigenmode simulations. After optimization, the Q-factor of mode 

1 is 306, mode 2 is 302 and the difference in eigenmode frequencies is 5 MHz, which 

is sufficiently small that the OSB is suppressed, leading to a frequency- and Q-

balanced design. 

  During the optimization process aimed at achieving both frequency- and Q-balance, 

two sets of geometric parameters that ensure frequency-balance are first identified. 

Subsequently, the Q-factors between the two sets of designs are compared, and the 

set with the smaller Q differences is selected as one sample for the next iteration. By 

repeating this process, the set of geometric parameters that achieves both frequency- 
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and Q-balance can gradually be identified. 

  Figure 4.5 shows the electric field of the two orthogonal eigenmodes at the Γ point of 

the Brillouin zone for the tuned unit cell. The Q-balancing process can be seen as 

controlling the electric field distribution inside the holes for both modes. A larger hole 

radius leads to an increased leakage rate for both modes and increasing the distance 

between the two holes leads to a decreased leakage rate for mode 1 but an increased 

leakage rate for mode 2. The advantage of having two holes in the unit cell with 

different radii means that there are more degrees of freedom for achieving   the Q-

balance condition than for a single hole. As discussed in Section 2.1.3, another 

viewpoint on the OSB suppression is that it results from the cancellation of energy 

reflection accumulation when an additional hole is added to the unit cell design that 

initially had only one hole. 

 

Figure 4.6. Normalized attenuation coefficient for typical HRS dielectric image line (DIL) (shown right 

inset) and HRS dielectric rectangular waveguide (shown left inset). Dimensions (mm):  𝑊𝑎 = 9,𝑊1 =

2.4, 𝑑 = 0.5, 𝐻𝑎 = 0.28, 𝑇𝑎 = 𝑇𝑔 = 0.001,𝑊𝑔 = 1.4,𝑊𝑠 = 0.32 and 𝐻𝑔 =  0.16. 

  It is worth noting that the mode degeneration achieved during the optimization of the 

unit cell is sensitive to the distance between the HRS and metal reflector (𝑑2 = 0.5 
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mm), as shown in Figure 4.3. As a result, this distance is kept the same for the DLWA. 

  The asymmetry introduced by the different hole radii can also be seen as a form of 

transversal asymmetry in the unit cell (asymmetric about 𝑥 = 0 ). This form of 

asymmetry in metal-based periodic LWAs has previously been shown by Otto et al to 

solve the problem of radiation degradation at broadside by closing the OSB and 

maintaining radiation efficiency [11]. Here we have demonstrated the usefulness of this 

approach for a dielectric structure. 

  Another design consideration is the direction of radiation. The symmetry of the 

dielectric rectangular waveguide (DRW) with the vertical holes means that a leaky 

wave travelling in the 𝑥-direction will radiate equally on both sides (±𝑧) of the HRS 

slab. To achieve single-beam radiation in the +𝑧 direction only, a reflector is positioned 

underneath the HRS slab. Here, we have chosen a metal reflector instead of a 

dielectric mirror as a metal reflector will have less than 1% Ohmic losses at 300 GHz 

[12] and achieve a high efficiency. The metal reflector is positioned beneath the HRS 

DRW with a spacing of 0.5 mm, which is optimized at the broadside frequency. It is 

important to note that the unit cell including reflector is different to dielectric image line 

(DIL) wherein the metal reflector directly touches the bottom of the dielectric slab and 

large currents are present [13]. Figure 4.6 compares the propagation loss of a DRW 

with a 0.5 mm spaced silver ground plane (𝜎 =  5.28 × 107 S/m based on the Drude 

model [14]) and DIL (designed according to [15, 16]), both fabricated from HRS. It can 

be seen that the DRW structure achieves far lower propagation loss and is more 

suitable for higher frequencies in the terahertz band.  
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4.3. Radiation Aperture Tapering 

  In this section, the radiation amplitude is tapered in the 𝑥-direction to reduce the SLL 

of the antenna. Then the geometric parameters of the unit cell are related with the 𝛼 

needed at each 𝑥 position through a curve fitting. 

4.3.1. Leakage Rate Calculation 

  As discussed in Section 2.1.2, to achieve a desired amplitude distribution of a LWA 

with an effective aperture length of 𝐿, the leakage rate 𝛼(𝑥) as a function of 𝑥 position 

is given by (2.14). It is worth noting that the value of radiation efficiency 𝑒𝑟 is set to be 

0.9 in this work for a practical LWA design [17]. A Taylor 30 dB amplitude distribution is 

adopted to improve the SLL of the antenna. As 𝐴(𝑥) is a known discrete function of 𝑥, 

when the length of the antenna aperture and total efficiency is known, the distribution 

of 𝛼 for each unit cell can be calculated. 

  We next need to relate the required 𝛼  of each unit cell to its modified geometric 

parameters. Here, we choose to modify the two hole’s radii and separation distance 

rather than the hole depth so that the fabrication method remains compatible with a 

single DRIE etch rather than requiring multiple etches to different depths as in a 

conventional grating antenna. 

  As discussed in Section 2.2.3, the eigenmode solver is again used to calculate the 

the leakage rate 𝛼 of the unit cell, which can be expressed as: 

 𝛼 =
𝜋𝑓

𝑉𝑔𝑄
, (4.1) 

where 𝑓 = 𝜔/2𝜋 is the mode eigenfrequency provided by the eigenmode solver. The 

group velocity is obtained from the numerical derivative of the dispersion curve. 
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  To validate the calculation of the unit cell leakage rate described above, two additional 

methods were trialled: the S-parameter extraction technique [18] and the matrix pencil 

method (MPM) [19]. For the 𝑆-parameter extraction technique, this involved simulating 

16 uniform unit cells arranged lengthwise in the x-direction with PBCs in the 𝑦-direction 

and using the FEM method in CST Microwave Studio. It was found that this length of 

unit cells was sufficient to account for mode coupling between the unit cells. Here, the 

energy loss in the TE1 mode was considered to be the result of radiation from the leaky 

wave. 

 

Figure 4.7. The cascaded 16-unit cell is excited by the DRW 𝐸11
𝑦

  mode source. The electric field is 

sampled along the indicated black dashed line, and the MPM is utilized to estimate the leakage rate of 

each Bloch mode. 

  The same structure and simulation result was used for the MPM calculation. As shown 

in Figure 4.7, the DRW mode source is excited from the left side, then the leaky modes 

propagate inside the DRW until they reach the termination and are absorbed. The 

electric field is sampled along the black dashed line for estimation of the 𝛼 of each 

Bloch modes by MPM.  

  It is worth noting that, as illustrated in Figure 4.7, the black dashed line begins slightly 

offset from the start of dielectric slab and ends prior to the termination. This deliberate 

arrangement reduces the spurious mode effects arising from the transition between 

the DRW mode and the TE1  leaky wave mode. It also minimises the impact of 

reflections at the termination, ensuring the excitation of each Bloch mode is captured 
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accurately, leading to a more precise MPM estimation. 

Table 4.1. Results of extracted Bloch mode components by MPM at 250 GHz. 

Mode Index Normalized Propagation constant (𝑘 = 𝛼 + 𝑗𝛽) Magnitude of Coefficient 

1 0.0011 +16.8493i 0.0817 

2 -0.0081 + 0.0696i 4.6976 

3 -0.0057 + 2.4705i 0.9510 

4 0.0037 + 4.9101i 0.3307 

 
  Through the steps presented in Section 2.2.2, the sampled complex field data is 

decomposed into four Bloch-mode components. The coefficient values and normalized 

propagation constants of these modes are listed in Table 4.1 to demonstrate this 

process. The extraction results reveal that mode index 2 is the sole fast wave (𝛽 < 1), 

corresponding to the TE1 mode, with a normalized leakage rate of 0.0081. 

 
(a) 

 

(b) 

Figure 4.8. Comparison of simulated electric field (blue line) with estimations from the MPM (red line) 

for both (a) real part, and (b) imaginary part of the electric field y component at 250 GHz. The electric 

field data is sampled along the black dashed line as shown in Figure 4.7. 
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  As shown in Figure 4.8, the y component of the simulated electric field is 

reconstructed based on the MPM estimated propagation constants and coefficient 

values listed in Table 4.1. The close agreement between the two curves demonstrates 

the effectiveness of the MPM in modelling the spatial variation of the sampled electric 

field. 

 

Figure 4.9. Leakage rate of the unit cell calculated by different methods. 

  As illustrated in Figure 4.9, the 𝛼 of the unit cell calculated by these three methods 

has similar results, which validates the calculation method utilizing the CST eigenmode 

solver with open boundaries. It also confirms that the unit cell eigenmode can be readily 

excited by the DRW 𝐸11
𝑦

 mode. 

  A known disadvantage of all-dielectric LWAs is their lower leakage rate compared to 

conventional metal-based LWAs [20]. This requires longer antenna lengths to ensure 

that most of the leaky wave energy is radiated and results in narrow-beam antennas. 
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Figure 4.10: Dispersion diagram of the optimised unit cell. 

  The working bandwidth of the DLWA is constrained by the roll-off of the leakage rate 

of the unit cell at the upper and lower frequencies as shown in Figure 4.9. The ultimate 

constraint on the lower frequency is when the eigenmode enters the light cone, shown 

as the shaded region in Figure 4.10. The light cone gives the relationship between the 

frequency of light and its wave number. The radiating modes are above the light cone 

while beneath the light cone are index-guided modes that decay exponentially away 

from the surface of the unit cell [21]. At 305 GHz, the TE1  and TE2  modes become 

degenerate and a half of the energy (~50%) from the feeding DRW excites the TE2 

mode, which has a lower leakage rate resulting in a reduction of efficiency at this 

frequency. The TM1 mode is not excited by the TE1 DRW mode despite crossing at 270 

GHz due to orthogonality. 

4.3.2. Curve Fitting and Parameter Prediction 

  To realize the tapered aperture distribution, we require unit cells with different leakage 

rates while maintaining a closed bandgap. At the same time, all unit cells should have 

the same phase constant 𝛽 to ensure all unit cells radiate at the same angle [17]. 
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Figure 4.11. Normalized phase constant near the Γ point for different 𝑟2. 

  To achieve the above two goals, we optimized the unit cell parameters using the 

following process. First, the value of 𝑟2 is fixed and the above optimization process is 

repeated to close the band gap. As shown in Figure 4.11, these unit cells with closed 

band gap will have different phase constants. In addition, unit cells with larger 𝑟2 values 

have higher broadside frequencies, therefore, a scale factor 𝑠, which is a function of 

𝑟2, is introduced as an extra parameter for unit cell optimization. In this work, only the 

parameters in the 𝑥  and 𝑦  dimensions are scaled by multiplying them by the scale 

factor 𝑠. The original cuboid dimensions 𝑎, 𝑏 and h are scaled to 𝑎 × 𝑠, 𝑏 × 𝑠 and ℎ, 

respectively. Similarly, 𝑟1 , 𝑟2  and 𝑑  are also scaled to 𝑟1 × 𝑠 , 𝑟2 × 𝑠  and 𝑑 × 𝑠 , 

respectively. In this work, all unit cells are scaled to have the same eigenmode 

frequency (𝑓𝑠 = 250 GHz) at the 𝛤 point corresponding to the broadside frequency. 
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(a) (b) 

  

(c) (d) 

Figure 4.12. Closed bandgap design and fitting curve for parameter prediction to build the tapered 

aperture LWA (a) 𝑝 = 𝑟1/𝑟2  vs. 𝑟2  (b) 𝑑 vs. 𝑟2 (c) 𝛼 vs. 𝑟2 (d) Scale factor 𝑠 vs. 𝑟2. 

  Each cycle of the optimization process is time-consuming and to improve the 

efficiency of the process, we repeat the above optimization process with different 𝑟2 

values between 0.01 and 0.06 at intervals of 0.01 to determine the relationship 

between all the unit cell parameters and 𝑟2 through curve fitting. As can be seen in 

Figure 4.12, the relationship between the geometric parameters and 𝛼  can be 

described by least-squares fitted power-law curves, yielding R2 ≈ 1 in all cases. 

  As described in Section 4.2.1, the required 𝛼 for each unit cell and the fitted curve in 

Figure 4.12(c) can be used to calculate the required 𝑟2 for each unit. can be used to 

determine the required 𝑟2 to achieve it. Since the remaining unit cell parameters have 

been expressed as functions of 𝑟2 as shown in Figure 4.12, all unit cell parameters are 
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now determined. 

4.3.3. Two-Dimensional Periodic Boundary Condition 

  Up to this point, the unit cell has been considered as infinitely periodic in the 𝑦 -

direction and analyzed using PBCs in both the ±𝑥 and ±𝑦 directions. In practice, the 

number of unit cells in the y-direction is finite and limited by the final width of the DRW 

taper (described in Chapter 4.3.4). 

 

Figure 4.13. Variation trend of eigenfrequency corresponding to the number of units in the Y direction. 

  We now consider a new supercell that consists of 𝑁𝑦 unit cells and OBCs in the 𝑦-

direction. As can be seen in Figure 4.13, as 𝑁𝑦 increases the corresponding 

eigenfrequencies at the Γ point asymptotically approaches the eigenfrequency of the 

unit cell with PBCs in the 𝑥- and 𝑦-directions. These simulation results confirm that for 

a sufficiently large number of unit cells in the 𝑦 -direction the unit cell eigenmode 

frequency remains similar to the case of PBCs in the x- and y-directions. 
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4.4. Complete DLWA Design 

  To excite the DLWA using a WR-3 waveguide, a transition is required to efficiently 

convert the TE10 mode in the WR-3 rectangular waveguide into the 𝐸11
𝑦

 mode on the 

DRW over the shortest possible distance to minimize the length of the antenna. Here 

we use a linearly tapered DRW to realize this transition as this has previously been 

shown to be close to optimum [1]. 

 

(a) 

 

(b) 

Figure 4.14. (a) Cross-sectional view of back-to-back connected tapered DRW model for simulation and 

evaluation. (b) Simulated S-parameters of the back-to-back taper. 

  To optimize the transition, we consider two linearly tapered DRW connected back-to-

back and excited using WR-3 waveguide as shown in Figure 4.14(a). The mounting 

support arms (described later) are included in the simulation to quantify their effect on 
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transmission and reflection. The scattering parameters of this structure are shown in 

Figure 4.14(b). It can be seen that the loss of two tapers connected back-to-back is 

less than 0.2 dB from 220 GHz to 320 GHz. It is important that no higher order modes 

are excited at the end of the taper, otherwise the radiation properties of the antenna 

will be negatively affected. The higher order modes may be suppressed as long as the 

linearly tapered DRW is sufficiently long [22]. The length of the taper is chosen to keep 

the higher order mode content below -10 dB across the entire working bandwidth. 

Another consideration is the width of the DLWA, as increasing the number of radiating 

unit cells in the 𝑦-direction will form a wider radiation aperture leading to a narrower 

beam, however, this will require a longer taper. 

 

Figure 4.15. Simulated 𝑆-parameters of the antenna termination. 

  A termination is included at the end of the antenna to radiate the remaining energy 

not already radiated by the leaky wave in an end-fire direction. For a typical LWA 

design, the remaining energy should be less than 10% [17]. As shown in Figure 4.17, 

the termination used for the full antenna design includes a linearly tapered DRW and 

Figure 4.15 shows the simulated 𝑆11 of this termination. A length of 8 mm is chosen to 

ensure the reflection is less than -10 dB over the entire working bandwidth. To absorb 

the energy, the termination may be connected to a matched load using an additional 
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WR-3 waveguide flange, however, this was not used in this work.  

 

Figure 4.16. Variation of the leakage rate α and corresponding 𝑟2 versus unit cell index defining the 

effective antenna aperture. 

  The radiation aperture of the antenna is formed from 100 units in the 𝑥-direction to 

achieve a high gain and to ensure that less than 10% of energy remains at the 

beginning of the termination. As discussed in Section 4.3.3, the final width of the taper 

is constrained by the length, therefore a width of 𝑁𝑦 = 17 unit cells was chosen for the 

𝑦-direction. The radiation aperture configuration described above has dimensions of 

2.5λ by 40λ at 270 GHz. Given that the effective antenna aperture is narrower in the 

𝑦-direction compared to the 𝑥-direction, this large aperture size results in a high-gain 

fan beam in the far-field. However, integrating this large aperture with devices that 

require smaller antennas can be challenging. This is attributed to the lower leakage 

rate of the dielectric unit cell compared to conventional metal-based unit cell designs, 

as previously mentioned [20]. 

  Figure 4.16 shows the Taylor amplitude tapering of the leakage rate 𝛼  and 

corresponding 𝑟2 dimensions over the length of the antenna. The width of the antenna 

is fusiform, as shown in Figure 4.17, due to the unit cell size gradually changing with 

𝑥. 
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(a) 

 

(b) 

 

(c) 

Figure 4.17. Full design of the DLWA. (a) Exploded view of the DLWA and antenna fixture. (b) Cross-

section of fixture, reflector and DLWA. (c) Antenna unit cell and support arm details. 

  The full assembly of the DLWA is shown in Figure 4.17, which consists of the HRS 

DLWA, reflector and antenna fixture. The HRS DLWA comprises a linearly-tapered 
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DRW section, leaky wave radiating section and termination. The reflector consists of a 

silver thin film deposited on the surface of a silicon slab. For the convenience of 

measurement, a metal antenna fixture is designed with a UG387/U waveguide flange, 

WR-3 rectangular waveguide, and mounting points to support the HRS DLWA as 

shown in Figure 4.17(a). 

Table 4.2. Design Parameters 

Parameter Description Value 

tan(δ) Loss tangent of the HRS 5.18 ×  10⁻⁵ 

𝑑 Distance between DLWA and reflector 0.5 mm 

𝑡 Thickness of DLWA 0.28 mm 

𝑁𝑥 Number of unit cells in the x-direction 100 

𝑁𝑦 Number of unit cells in the y-direction 17 

𝐷ℎ Distance between two circles 0.437 mm 

𝑅ℎ Radius of the circle 0.179 mm 

𝜀𝑟 Relative permittivity of DLWA 11.67 

𝐿1 Length of DLWA 68.4 mm 

𝐿2 Length of tapered waveguide 14 mm 

𝐿3 Width of support arm 4.8 mm 

𝐿4 Length of termination 8 mm 

𝑊1 Width at end of tapered waveguide 2.4 mm 

𝑊2 Extra width of support arm 1.58 mm 

𝑊3 Length of support arm 4.97 mm 

𝑊4 Width at the start of termination 2.917 mm 

 

  Four supports arms are included on the HRS DLWA that fit into recesses in the 

antenna fixture. A triangular lattice of through-holes in the support arms form an 

electromagnetic bandgap structure (similar to in [23]) which minimizes the leakage of 

energy from the antenna into the support arms. A plot of the dispersion properties of 

this lattice of holes in Figure 4.18 shows that the bandgap covers the entire WR-3 

waveguide band preventing the loss of energy. Table 4.2 summarizes the parameters 

of the DLWA design. 
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Figure 4.18. Dispersion diagram of the unit cell forming the support arms. The bandgap covers the whole 

WR-3 band from 217-344 GHz. 

 

Figure 4.19. Simulated total efficiency of the DLWA. 

  The all-dielectric design of the DLWA, except for the reflector, significantly reduces 

Ohmic losses and improves antenna efficiency. The full-wave simulation indicated that 

the Ohmic loss attributable to the silver layer of the reflector is less than 0.1%. As 

illustrated in Figure 4.19, the DLWA's total efficiency remains above 95% across nearly 

the entire WR-3 waveguide band. Furthermore, the presence of the TE2  mode 

influences the efficiency around 290 GHz. 

4.5. Fabrication 

  This section presents the fabrication process of the DLWA, divided into two 

procedures: the DRIE fabrication process of HRS and the CNC machining of the 
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antenna fixture. 

4.5.1. Deep Reactive Ion Etching of HRS 

  The DRIE fabrication process has several advantages over conventional CNC 

machining for terahertz antenna fabrication with micrometer accuracy and very low 

surface roughness. The Bosch process of DRIE can realize high-aspect ratio 

structures with near-vertical sidewalls by cycling between plasma etching with SF6 and 

deposition of a C4F8 passivation layer [24]. Atomic force microscopy analysis of a 

similar etch process demonstrated a hole sidewall root mean square (RMS) roughness 

of less than 300 nm. 

  

(a) (b) 

  

(c) (d) 

Figure 4.20. Microscope images of the HRS wafer after DRIE. (a) Waveguide taper before separation of 

the device from the wafer. (b) Holes in the support arm. (c) Small and (d) large holes in the leaky wave 

section of the antenna. 
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    The DLWA is bulk micromachined from a four-inch diameter HRS wafer. This 

process employs the Bosch DRIE technique at the Vmicro SAS fabrication facility, 

achieving full wafer etching in a single step. The HRS wafer was 280 µm thick with a 

measured DC resistivity ≥ 400,000  ohm.cm. The etching process was optimized to 

achieve uniform etching across the wafer for the different hole sizes and close to 

vertical sidewalls. 

  Figure 4.20 shows microscope images of the HRS after DRIE processing, and it can 

be observed that good circularity of the holes and straight edges of the taper are 

achieved. After microscopic measurement, over-etching of less than 5 µm in the hole 

diameters was observed. Near vertical sidewalls of the holes are achieved with a 

measured angle of less than 0.7°. 

4.5.2. Antenna Fixture 

  The micromachined HRS DLWA was mounted in a CNC-machined brass antenna 

fixture which suspends it above a reflector, shown in Figure 4.20. Four nylon screws 

were used to fasten the micromachined HRS to the antenna fixture.  

 

Figure 4.21. The assembled DLWA is formed from a micromachined HRS piece suspended above a 

reflector. A UG387/U waveguide flange (left side of the photo) is used to interface with a WR-3 

rectangular metal waveguide which excites the HRS DSW. 

  The reflector is fabricated from a 280 µm thick rectangular piece of silicon with a 1 µm 
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thick sputtered silver thin film, which is significantly thicker than the skin depth of 0.135 

µm at 220 GHz. The silicon wafer for the reflector was cut into the rectangular shape 

using laser ablation such that it sits inside a machined recess in the antenna fixture. 

4.6. Measurement Results and Discussion  

  The DLWA 𝑆-parameters were measured using a Keysight N5247B PNA-X network 

analyzer equipped with WR-3 frequency extender heads. The PNA-X was calibrated 

using the Through-Reflect-Line (TRL) calibration technique. The radiation pattern was 

measured using the set-up shown in Figure 4.22.  

 

(a) 

 

(b) 

Figure 4.22. Far-field antenna measurement set-up. (a) Keysight N5247B PNA-X network analyzer and 

the DLWA connected to the WR-3 waveguide band frequency extender head. Note that some absorber 

panels have been removed for clarity. (b) Perspective view of the source frequency extender head 

connected to a Gaussian-beam corrugated horn antenna. 
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  In brief, the AUT frequency extender head was mounted on a Thorlabs LTS150/M 

linear stage on top of a rotational stage. The linear stage was used to position the 

phase centre of the DLWA at broadside frequency on the rotational axis. The rotational 

stage was used to rotate the antenna and frequency extender head to measure the 

principal cuts of the radiation pattern. A Gaussian-beam corrugated horn antenna 

connected to a second frequency extender head was used as the source antenna. 3D-

printed pyramidal absorber panels were used to mitigate the effects of reflections in 

the measurement set-up (see [25]). A separation distance of 4.09 m between the DLWA 

and corrugated horn antenna was used to satisfy the far-field measurement 

requirement. 

 

Figure 4.23. Comparison of simulated and measured S-parameter of the DLWA 

  As illustrated Figure 4.23, the 𝑆11 measurement of the DLWA demonstrates values 

below -15 dB across the H-band, except for a peak at approximately 253 GHz 

corresponding to broadside radiation. This divergence can be primarily attributed to 

the limitations inherent in the CNC machining process, leading to discrepancies in 

tolerances and subsequently, a reduced distance between the reflector and the HRS 

relative to the intended design. Furthermore, over-etching of the DLWA exacerbates 
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the disparity observed between the ideal DLWA and the simulation results. This effect 

can be seen in simulations which incorporates both the over-etching and the reduced 

distance between the reflector and HRS (𝑑 = 0.3 mm) as presented in Figure 4.23. 

The measured 𝑆11 aligns closely with the simulated outcomes when both the 𝑑 = 0.3 

mm deviation and over-etching are accounted for. 

  
(a) 220 GHz (b) 230 GHz 

  

(c) 250 GHz (d) 270 GHz 

  

(e) 290 GHz (f) 300 GHz 
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(g) 310 GHz 

Figure 4.24. Measured (blue solid) and simulated (orange dashed) H-plane radiation patterns of the 

DLWA. 

  The far-field radiation pattern of the DLWA is presented in Figure 4.24 and compared 

with the results from full-wave simulation. It can be seen that there is a broad 

agreement with around 5° to 7° offset in the beam pointing angle which is attributed to 

limitations in the accuracy of the fabrication and packaging process. These limitations 

include CNC machining errors and DRIE process inaccuracies. Notably, the CNC 

machining error causing the reduced distance between the reflector and the HRS is 

not the primary reason for the beam pointing angle offset. Several rounds of 

simulations considering the over-etching of air holes, modelled with a normal 

distribution during the DRIE process, confirm that over-etching is the main cause of 

the beam pointing angle offset compared to the simulation results. Furthermore, given 

the DLWA's thickness of only 280 µm, manual packaging with fixtures and screws can 

cause slight deformation due to uneven pressure. Additionally, the fragility of the DLWA 

complicates the tuning of the assembled device. 
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Figure 4.25. Measured normalized gain of the DLWA with frequency (x-axis) and theta angle in the H-

plane (y-axis). Colour indicates the normalized gain value. 

  Figure 4.25 shows the measured normalized gain versus frequency and theta angle 

in the H-plane. It can be seen that the antenna main beam scans from -32° at 220 GHz 

to 40° at 313 GHz. The constraints imposed by the RF cable's length, when attached 

to the frequency extender, restrict the rotation angle during antenna measurements to 

a range of ±40 degrees. 

 

Figure 4.26. Simulated and measured antenna gain versus frequency. Error bars on the measured gain 

represent an uncertainty of ±0.5 dB in line with the standard gain antenna's specifications. 

  The gain of the DLWA is shown in Figure 4.26 and compared with the full wave 

simulation result. The performance of the prototype deteriorates at around 295 GHz, 

where the TE1 and TE2 modes become degenerate, as explained in Chapter 4.2.1.  
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Figure 4.27. H-plane SLL of the DLWA measured and compare with the simulated result. 

  The far-field measured results show that the DLWA’s SLL in the H-plane maintains 

between -17 dB and -28 dB over most of the WR-3 band, as shown in Figure 4.27.  

 

Figure 4.28. E-field amplitude measured along the length of the antenna by a near-field probe. 

  A near-field probe was used to measure the amplitude of the leaky wave mode along 

the length of the antenna. The WR-3 open-ended waveguide probe was line-scanned 

along the centreline in the x-direction to measure electric field strength. During the 

measurement, the probe maintained a distance of 3.5 mm from the HRS surface. 

Figure 4.28 shows the measured normalized electric field for various frequencies. It 

can be seen that at the design frequency of 250 GHz, there is good agreement 
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between the measured and the designed -30 dB Taylor amplitude distribution. 

However, the SLL of the measured DLWA prototype is somewhat higher than -30 dB 

due to the limited tolerance of the CNC machining process. It can be observed that as 

the frequency moves away from 250 GHz, there is increased tapering in the field 

distribution. 

 

Figure 4.29: Comparison of the DLWA prototype's aperture efficiency with simulation results. 

  In Figure 4.29, the aperture efficiency of the DLWA is presented. The error bars 

indicate the measurement uncertainties related to the DLWA's gain. At 265 GHz, the 

aperture efficiency peaks at 81.5% for an effective radiation aperture size of 43.1 mm 

by 2.37 mm. 

4.7. Summary 

  In this chapter, an all-dielectric terahertz DLWA with a fan-beam radiation pattern, low 

SLL and high aperture efficiency is demonstrated in the H-band (220 – 325 GHz). The 

periodic LWA is formed from a grating-like structure in a dielectric slab waveguide 

which supports a leaky slow-wave. The all-dielectric unit cell is designed to exploit 

accidental degeneracy (i.e. frequency-balancing) to suppress the open stopband at 
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broadside radiation. The radiation aperture is tapered with a Taylor amplitude 

distribution to achieve a SLL less than -30 dB at the centre frequency. A peak aperture 

efficiency of 81.5% is achieved at 265 GHz. Additionally, simulations indicate a total 

efficiency exceeding 95% across most of the H-band, in part, due to the minimization 

of Ohmic losses. The measured results confirm that the antenna achieves continuous 

beam-scanning from -32° to 40° with a variation in gain from 23.4 to 29 dBi when the 

frequency scans from 220 GHz to 313 GHz. The antenna is fabricated using through-

wafer DRIE of a high resistivity silicon wafer.  
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Chapter 5 

 

5A H-Band Direct Laser Written Polymer 
Fabry-Perot Cavity Antenna 

 

 5.1. Introduction 

  In the terahertz band, the high path loss due to atmospheric absorption necessitates 

the use of a high gain antenna for communication, radar and imaging systems. Chapter 

4 demonstrated a high-gain leaky wave antenna (LWA) using high-resistivity silicon 

(HRS) and deep reactive ion etching (DRIE) as a potential solution for realising such 

an antenna. However, the use of HRS and the DRIE process can be prohibitively 

expensive for many applications.  

  An alternate antenna commonly used in this frequency regime is the lens antenna 

which, as discussed in Chapter 1, can achieve moderate to high gains. However, there 

is a lack of inexpensive dielectrics in the terahertz band which have sufficiently low loss 

tangents (i.e. tan 𝛿 ≤ 10−3 ) to realise a high-efficiency lens antenna. Alternatives to 

HRS like crystalline quartz are still expensive when compared to polymers. In this 

Chapter, an alternate approach is proposed which is to use a moderately lossy polymer 

but engineer the antenna design to minimise the dielectric loss. An advantage of lens 

antennas is the (mostly) avoidance of metal guiding structures which can exhibit high 

ohmic loss due to the reduced skin depth with increasing frequency. 

  In Section 2.5 an alternative novel fabrication method: direct laser writing utilizing two-
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photon polymerization (2PP) photoresin, also referred to as 2PP 3D printing, is 

introduced. This method offers sub-micrometre resolution at a lower cost compared to 

DRIE and CNC machining, and it facilitates the rapid creation of intricate and complex 

3D structures. This positions it as a feasible solution for advanced terahertz antenna 

design. 

  Nevertheless, a significant challenge associated with employing 2PP 3D printing for 

lens antennas operating in the terahertz band is the substantial dielectric loss typically 

exhibited by the 2PP photoresins. However, this chapter will demonstrate an innovative 

antenna design that, through careful engineering, overcomes the limitations of 

moderately lossy commercially available photoresin, which is called IP-Q from the 

company Nanoscribe GmbH. This approach makes it possible to use these more 

affordable polymers effectively in terahertz antenna design. 

 

Figure 5.1. Dielectric loss tangent and permittivity of photoresins GP-Silica and IP-Q, measured by 

Magaway et al. [1]. 

  As shown in Figure 5.1, the dielectric loss and permittivity of two photoresins suitable 

for millimetric scale terahertz structures, GP-Silica and IP-Q, which are available from 

the company NanoScribe, are measured using THz time-domain spectroscopy and 
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reported by Magaway et al. [1]. As shown in Figure 5.1, the relative permittivities of IP-

Q and GP-Silica at 500 GHz are 2.5 and 3.6, respectively. Moreover, it can be seen 

that the dielectric loss tangent of GP-Silica is only 0.01 at 300 GHz, while for IP-Q it is 

0.06 at the same frequency. However, 3D printed structures that utilize GP-Silica 

exhibit significant shrinkage after a high-temperature sintering process, thus 

introducing additional complexities in the design of the antenna. As a result, IP-Q is 

preferred for prototype antenna designs owing to its straightforward post-processing 

and reliable precision in creating millimetre-scale structures. 

 

Figure 5.2. Simulated performance of a hypothetical extended hemispherical lens antenna [2] fabricated 

use IP-Q photon resin. 𝐷 =  5 mm, 𝐿 =  2.75 mm, outward tapering angle is 10.4 degrees. 

  To elucidate the impact of IP-Q's high dielectric loss on lens antenna gain, as depicted 

in Figure 5.2, a full wave simulation was conducted on an extended hemispherical lens 

antenna composed of IP-Q photoresin. The configuration of this extended 

hemispherical lens antenna follows the design reported by Konstantinidis et al. [2]. For 

an extended hemispherical lens antenna, the focal length, denoted as 𝑓 , of the 

hemispherical lens can be calculated using the following formula [3]: 
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𝑓 =

𝐷

2(√𝜀 − 1)
 

(5.1) 

where 𝐷  is the diameter of the sphere, and 𝜀  is the relative permittivity of the lens 

material. In this case, 𝜀 = 2.4, therefore, due to the low dielectric permittivity, for a fixed 

aperture size and lens diameter 𝐷 , the IP-Q lens antenna will have a longer focal 

length. This will require a longer extension length 𝐿, leading to high dielectric loss. 

  As shown in Figure 5.2, the full-wave simulation results show that the dielectric loss 

of this lens range from 78% to 88% across the WR-3 band. Consequently, even though 

a directivity higher than 20 dBi is achieved in this design, the realized gain is 

significantly degraded to around 12 dBi across the WR-3 band. It is worth noting that 

in the work reported by Konstantinidis et al. [2], Rexolite (loss tangent = 0.008) is used 

for the fabrication of the extended hemispherical lens antenna, thereby avoiding high 

dielectric loss; however, this material is not compatible with 2PP 3D printing and 

requires CNC machining and polishing. 

 

Figure 5.3. A LWA formed by multi-dielectric superstrate layers and a metal ground, excited by a 

horizontal electric dipole source. The figure is reproduced from [4]. 

  The origin of the elevated dielectric loss can be attributed to substantial energy 

absorption by the solid dielectric volume as the wave passes through the electrically 
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large lens. One approach to mitigate this effect involves substituting the solid dielectric 

material with an alternative effective dielectric medium, and reducing the volume of the 

lossy dielectric material that the wave encounters. The infill factor [5] is a metric that 

quantifies this concept, typically defined as the ratio of the dielectric material volume 

within the unit cell to the total volume of the unit cell. It is expressed by the equation:  

 
Infill Factor =

Volume of Dielectric Material within Unit Cell

Total Volume of Unit Cell
 

(5.2) 

  By reducing the IP-Q infill factor within the antenna structure while preserving the 

wave reshaping capabilities, could lead to a viable solution.  

  As shown in Figure 5.3, the Fabry-Perot cavity antenna (FPCA) represents one of the 

antenna categories that fulfils this requirement. This chapter proposes an FPCA 

constructed with sub-wavelength air perforations in the partially reflective dielectric 

surfaces (PRDS), aiming to reduce the IP-Q infill factor and minimize dielectric loss. 

Additionally, the air gap between the PRDS in the FPCA decreases dielectric losses 

compared to a solid dielectric layer. The FPCA presented here employs 2PP direct 

laser writing technology, offering a balanced approach to cost, complexity, and 

performance. The particular 2PP 3D printer used in this work is the Nanoscribe GT+. 

  The fundamentals, including the background and theory of the FPCA, are discussed 

in Section 2.3. Details of the 2PP direct laser writing technology and comparison to 

other 3D printing technologies are presented in Section 2.5. A literature review of other 

published terahertz FPCA designs is presented in Section 3.3. 

  As discussed in Section 2.3, FPCAs attain high gain by reshaping the wavefront 

through resonance within the cavity. Nevertheless, due to its resonant nature, the 

FPCA’s bandwidth is typically limited, especially when considering gain specifications. 

As a result, the 3 dB gain bandwidth product (GBWP) is used to evaluate the 
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performance of the FPCA.  

  As discussed in Section 2.3, an alternative approach to achieve higher 3 dB GBWP 

involves the use of a tapered PRDS, gradually modifying and compensating the PRS’s 

reflective phase in the lateral direction to attain a broader bandwidth resonance. The 

FPCA proposed in this thesis employs this method, using a transverse gradient of the 

PRS’ effective permittivity to enhance the impedance matching bandwidth. This design 

simplifies the feeding structure for the FPCA and achieves a higher 3 dB GBWP than 

other published works. Additionally, this thesis presents a novel approach to designing 

the FPCA. It considers each unit cell as a resonator in an attempt to maximize the unit 

cell’s total Q-factor, thereby achieving a balance between dielectric loss and radiation. 

  The remainder of this chapter unfolds as follows: Section 5.2 outlines the antenna 

unit design; Section 5.3 describes the full FPCA design; Section 5.4 discusses the 

optimization of the full FPCA design. Lastly, Section 5.5 presents the fabrication and 

measurement results of the FPCA. 

5.2. FPCA Unit Design 

5.2.1. Effective Medium Theory Method 

  As discussed in the Introduction section, decreasing the dielectric infill factor results 

in lower dielectric losses. To reduce the dielectric losses induced by the 2PP 

photoresin, the PRS is formed using sub-wavelength perforations in cuboid units, as 

illustrated in Figure 5.4. The effective medium theory is employed to simplify a single-

layer unit cell design, enabling further evaluation of the reflection amplitude and phase 

of multilayer unit cells. The effective permittivity of an individual single-layer unit cell 

can be determined using the Maxwell Garnett theory [6]:  
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𝜀𝑒𝑓𝑓 =

(𝑎2 − 𝑏2) × 𝜀𝑑 + 𝑏2 × 𝜀𝑎𝑖𝑟

𝑎2
 

(5.3) 

where 𝑎  represents the edge length of the dielectric rectangular prism unit cell, 𝑏 

represents the edge length of the perforated cuboid air hole, as shown in Figure 5.4. 

𝜀𝑑 is the relative permittivity of the IP-Q, which, as discussed in the Introduction, is 2.4 

at 300 GHz, 𝜀𝑎𝑖𝑟 is the relative permittivity of air. Consequently, through adjusting the 

unit cell configuration, the equivalent permittivity distribution of PRS can be calculated 

and flexibly controlled. 

 
 

(a) (b) 

Figure 5.4.PRS of the FPCA. (a) One single layer PRS. (b) PRS unit cell configuration, 𝑎 =

 0.17 mm, 𝑏 =  0.08 mm and  ℎ =  0.17 mm. 

  As illustrated in Figure 5.5, the calculation of the effective relative permittivity of the 

unit cell varies with changes in the air hole edge lengths. Another aspect to consider is 

maintaining the structural stability of the entire FPCA; it requires that the size of the air 

holes not be overly large to ensure sufficient wall thickness between neighbouring unit 

cells. In this design, 𝑏, the maximum hole edge size is set at 0.15 mm. 

  From a different perspective, the FPCA proposed in this thesis essentially employs a 

leaky distributed Bragg reflector [7] above the WR3 waveguide aperture. The multilayer 

dielectric slabs, coupled with air gaps between each dielectric layer, realise a reflector 
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with a (weak) stopband. By managing the permittivity of each layer, both the reflection 

amplitude and phase distribution across the spectrum can be adjusted. 

 

Figure 5.5. Relative permittivity of unit cell with different air cuboid hole edge length b (mm). 

  To further ascertain the optimal number of PRDS layers in the FPCA described in this 

thesis, Table 5.1 details the simulated performance of the FPCA with various number 

of PRDS layers. The PRDS is configured using the unit cell depicted in Figure 5.4(b). 

An increase in the number of layers correlates with a rise in realized gain, however, 

this is also accompanied by heightened dielectric loss attributable to the IP-Q. Notably, 

upon reaching four layers, the realized gain plateaus at 16.95 dBi. Moreover, the 3 dB 

gain bandwidth maintains a consistent value of approximately 10% when the layer 

count varies from three to seven. 

Table 5.1. Comparison of simulated performance of FPCA with different number of PRDS layers. 

Number of Layers Energy Loss in IP-Q Realized Gain 3 dB Gain Bandwidth 

2 12.2% 12.8 15.1% 

3 18.6% 15.5 10.3% 

4 27.6% 16.95 9.65% 

5 34.2% 17.3 10.53% 

6 38.8% 17.8 10.25% 

7 40.1% 18.35 9.11% 

 
  Based on the data shown in Table 5.1, further evaluation of the FPCA proposed in 
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this work involves a four-layer dielectric PRS unit cell configuration, as depicted in 

Figure 5.6, as this represents a good trade-off between dielectric loss and realized 

gain. The initial distance between each dielectric layer is 0.29 mm. This distance 

represents a quarter of the wavelength in the air at the designated centre frequency of 

260 GHz. 

 
 

(a) (b) 

Figure 5.6. (a) Four-layer dielectric PRDS unit cell configuration. (b) TLM corresponding to the PRDS 

unit cell.  

  A common approach to calculating the properties of the FPCA is to use an equivalent 

transmission line model (TLM) as discussed in Section 2.4. The amplitude and phase 

of the reflection of the unit cell, as shown in Figure 5.6, can then be calculated with the 

TLM. As illustrated in Figure 5.6, the effective permittivity of each layer is represented 

as a section of transmission line, with the thickness of the dielectric layer corresponding 

to the electrical length of the respective section. The characteristic impedance of the 

TLM can be calculated with (2.51) and (2.52). For simplification, each layer in Figure 

5.6 possesses an identical air infill factor. The evaluation process presented in this 
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thesis can also be extended to more complex configurations, including layers with 

different dielectric infill factors and distances between them. It is worth noting that the 

characteristic impedance of each layer is essentially frequency-dependent for both TE 

and TM modes. For more detailed information about the basics of TE and TM modes, 

please refer to Section 2.3. At this stage, the characteristic impedance for both TE and 

TM modes can be approximated as the same value when the antenna radiates at 

broadside [8]. The propagation constants for both TE and TM modes can then be 

calculated as follows: 

 
𝑘𝑧0

= √𝑘0
2 − 𝑘𝜌

2
 

(5.4) 

 
𝑘𝑧𝑑

= √𝑘𝑑
2 − 𝑘𝜌

2
 

(5.5) 

Given that the radiation is only directed towards broadside, this implies: 

 
𝑘𝜌 = √𝑘𝑥

2 + 𝑘𝑦
2 = 0 

(5.6) 

Then from (5.4), (5.5) and (5.6), the following results can be derived: 

 𝑘𝑧0
= 𝑘0 (5.7) 

 𝑘𝑧𝑑
= 𝑘𝑑 (5.8) 

The characteristic impedance for both TE and TM modes can then be approximated 

as follows: 

 
𝑍0

𝑇𝐸 =
𝑘0

𝑘𝑧0

𝑍0 = 𝑍0 
(5.9) 

 
𝑍𝑑

𝑇𝐸 =
𝑘𝑑

𝑘𝑧𝑑

𝑍𝑑 = 𝑍𝑑 
(5.10) 

 
𝑍0

𝑇𝑀 =
𝑘𝑧0

𝑘0
𝑍0 = 𝑍0 

(5.11) 
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𝑍𝑑

𝑇𝑀 =
𝑘𝑧𝑑

𝑘𝑑
𝑍𝑑 = 𝑍𝑑 

(5.12) 

  With the above approximated conditions applied, the reflection amplitude and phase 

of the four-layer PRDS unit cell, calculated using TLM, are shown in Figure 5.7. It can 

be seen from Figure 5.7 that the four-layer PRS exhibits high reflectivity from 250 GHz 

to 310 GHz. The analytical calculation result using TLM is further verified by full-wave 

simulation by setting Floquet port at both 𝑍𝑚𝑖𝑛 and 𝑍𝑚𝑎𝑥 in CST Microwave Studio. For 

the four-layer unit cell, unit cell boundary conditions are applied to both ± 𝑥 and ± 𝑦 

directions, while open boundary conditions are utilized in ± 𝑧  directions to allow 

radiation. 

 

Figure 5.7. Reflection amplitude and phase of the four layers PRDS unit cell. 

  As observed in Figure 5.8, there is good agreement between the TLM and full-wave 

simulations for the four layer PRDS unit cell, confirming the accuracy of evaluating the 

unit cell using a TLM. 
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Figure 5.8. Input impedance (𝑍𝑖𝑛) of the four layers PRDS unit cell. 

  The input impedance (𝑍𝑖𝑛) of the four layers PRDS unit cell, as depicted in Figure 

5.6(b), has been computed using the TLM. The results, presented in Figure 5.8, show 

a good agreement with full-wave simulation results. The analytical calculation result 

will be used for the dispersion analysis of the unit cell, to be discussed in the next 

section. 

5.2.2. Dispersion Analysis 

  The FPCA presented in this Chapter may also be viewed as a form of 2D LWA, with 

the theory behind this explained in Section 2.3. The TE and TM leaky wave modes, 

excited by the slot open-ended waveguide, propagate radially above the metal ground 

surface in the air cavity [4]. Additional optimization of the unit cell design involves 

analysis of both TE and TM leaky wave modes using the transverse resonance method 

(TRM), with its fundamental theory discussed in Section 2.4. 
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(a)                         (b) 

Figure 5.9. (a) Four-layer PRDS unit cell incorporating a metal ground for TRM analysis. (b) Equivalent 

TLM of the unit cell, the dashed line represents the reference plane for TRM analysis. 

  As shown in Figure 5.9(a), the four-layer PRDS unit cell is combined with an 

resonance cavity and metal ground, which can be electromagnetically described by 

the TLM shown in Figure 5.9(b), allowing computation of the input impedance on both 

sides of the reference plane. The chosen reference plane for TRM analysis at the top 

of the resonance cavity formed by the metal ground and bottom of the first dielectric 

unit cell, is also illustrated in Figure 5.9(b). Both the upward and downward input 

impedances from the reference plane are defined as 𝑍𝑢𝑝 and 𝑍𝑑𝑜𝑤𝑛, respectively, and 

can be used to determine the propagation constant of the TE and TM leaky wave 

modes [8]. 
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Table 5.2. Dimensions of the unit cell including metal ground, given in millimetres. 

𝑎 𝑏 ℎ𝑎 ℎ𝑑 ℎ𝑟 

0.17 0.08 0.29 0.17 0.6 

 

  Table 5.2 provides the dimensions of the four-layer PRS unit cell, listing the uniform 

distance between each layer as part of the initial design for the following analysis. 

  The previous section approximated 𝑘𝜌  as 0 for the TLM impedance calculation. 

However, for precise analysis of the excited TE and TM leaky wave modes in the 

resonance region, 𝑘𝜌 is considered for the calculation of the upward input impedance 

𝑍𝑢𝑝. As 𝑍𝑢𝑝 is a function of 𝑘𝜌 and frequency 𝑓 for both TE and TM modes, it can be 

represented as follows: 

 𝑍𝑢𝑝
𝑇𝐸/𝑇𝑀

= 𝑍𝑢𝑝
𝑇𝐸/𝑇𝑀

(𝑓, 𝑘𝜌
𝑇𝐸/𝑇𝑀

) (5.13) 

The transverse resonance formula can then be constructed as follows [8]: 

 𝑍𝑑𝑜𝑤𝑛
𝑇𝐸/𝑇𝑀

= 𝑗𝑍0
𝑇𝐸/𝑇𝑀

tan(𝑘𝑧0
ℎ𝑟) (5.14) 

 𝑍𝑑𝑜𝑤𝑛
𝑇𝐸/𝑇𝑀

= −𝑍𝑢𝑝
𝑇𝐸/𝑇𝑀

(𝑓, 𝑘𝜌
𝑇𝐸/𝑇𝑀

) (5.15) 

Finally, a numerical complex root-finding technique is utilized to solve the transverse 

resonance formula, with the solutions for the propagation constant of the TE and TM 

modes represented as follows: 

 𝑘𝜌
𝑇𝐸 = 𝛽𝑇𝐸 + 𝑗𝛼𝑇𝐸 (5.16) 

 𝑘𝜌
𝑇𝑀 = 𝛽𝑇𝑀 + 𝑗𝛼𝑇𝑀 (5.17) 

  The propagation constants of TE and TM modes, solved using the TRM, are depicted 

in Figure 5.10. These constants are juxtaposed with the simulation results from the 

CST Eigenmode solver for verification. The "General (Lossy)" method [9] has been 

employed in the CST MWS Eigenmode solver, permitting open boundary conditions in 
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the simulation. With the CST MWS Eigenmode solver, periodic boundary conditions 

are applied in both the ±𝑥 and ±𝑦 directions. In contrast, open boundary conditions 

are utilized in the ±𝑧  directions, facilitating radiation. Section 2.2.3 of this thesis 

elaborates on the process of abstracting the leakage rates 𝛼𝑇𝐸 and 𝛼𝑇𝑀 as a function 

of frequency from the CST MWS Eigenmode solver solutions. 

 

Figure 5.10. Propagation constants of the TE and TM leaky wave modes calculated using the TRM and 

compared with the CST Eigenmode calculations for verification. 

  The calculation results of propagation constants for both TE  and TM  modes using 

TRM show good agreement with the results obtained from the CST MWS Eigenmode 

solver, particularly when 𝑘𝜌  is small. As the frequency increases, 𝑘𝜌  also increases, 

causing the leaky mode to radiate at a larger angle away from broadside. 

Consequently, the TRM accuracy progressively degrades.  
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Figure 5.11. Propagation constants of the TE and TM leaky wave modes. For beam splitting evaluation, 

the absolute value of leakage rate 𝛼 is plotted. 

  As discussed in Section 2.3, when TE and TM modes approach degeneracy, the 

beam begins to split into a scanned conical beam [7]. As illustrated in Figure 5.11, the 

condition for beam splitting is met at roughly 268 GHz. As the frequency increases, a 

higher leaky mode radiation angle leads to an elevated SLL for the FPCA. This 

elevation can be used to explain the radiation pattern bandwidth limitation imposed by 

SLL requirements, and this explanation is tied to the beam splitting condition. 

5.2.3. Optimization of Unit Cell Quality Factor 

  As discussed in Section 2.3, a high-gain FPCA design requires a low-leakage-rate of 

the PRS unit cells. In this section, a novel approach to optimizing the FPCA design 

using the Q-factor is introduced. To prevent redundancy, only the Q-factor of TM modes 

are presented in this section, because the TE and TM modes exhibit near-degeneracy 

within the antenna working bandwidth and have similar Q-factors. 
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  The Q-factor is an essential specification for the design of a resonator, as it quantifies 

the ability of the resonator to confine the electromagnetic field energy over time. For a 

resonator formed by a Bragg reflector and devoid of a metal structure, the total Q-

factor can be represented as follows [10]: 

 𝑄𝑡𝑜𝑡𝑎𝑙
−1 = 𝑄𝑟

−1 + 𝑄𝑑
−1 (5.18) 

where 𝑄𝑟 denotes the radiation Q-factor, and 𝑄𝑑 represents the dielectric Q-factor. The 

formula demonstrates that both dielectric loss and radiation loss contribute to the 

energy decay within the resonator. To further evaluate the dielectric loss, the resonator 

can be divided into 𝑛 regions depending on the filling materials, and the dielectric Q-

factor can be represented as follows [10]: 

 
𝑄𝑑

−1 = ∑𝑝𝑖𝑡𝑎𝑛𝛿𝑖

𝑛

𝑖

 
(5.19) 

The resonator 𝑡𝑎𝑛𝛿𝑖 represents the dielectric loss tangent of the material inside the 𝑖-

th region that occupies a volume 𝑉𝑖 within the total volume 𝑉 of the resonator. In (5.19), 

𝑝𝑖 is the electric filling factor for the volume 𝑉𝑖, which can be calculated as [10] 

 

𝑝𝑖 =
∫ 𝜀𝑖|𝐸|2 𝑑𝑉𝑖𝑉𝑖

∫ 𝜀(𝒓)|𝐸|2 𝑑𝑉
𝑉

. 
(5.20) 

  In (5.20), 𝐸 denotes the position dependent electric field amplitude within volume 𝑉. 

The term 𝜀𝑖 is the relative dielectric permittivity of the material in the 𝑖-th region, and 

𝜀(𝒓) is the permittivity at position 𝒓. The integrals calculate the total electric energy 

within the 𝑖 -th region and the entire resonator, respectively, allowing for the 

determination of the partial electric energy filling factor 𝑝𝑖. 

  Consequently, as demonstrated by (5.20), by reducing the energy density 

concentration within the region containing lossy dielectric material, the electric filling 
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factor 𝑝𝑖 can be decreased, resulting in diminished dielectric losses 𝑄𝑑
−1, and hence an 

improved total Q-factor. 

  This approach, first employed for optimizing resonator designs based on Bragg 

reflectors to minimize dielectric losses and achieve higher total Q-factor [11], is adapted 

in this thesis for FPCA design. In the design of an FPCA, if there's no dielectric loss, 

the total Q-factor will be the same as the radiation Q-factor and directly related to the 

FPCA's gain. If dielectric loss is significant, incorporation of the dielectric Q-factor in 

(5.19) becomes necessary.  

  Considering the FPCA as a leaky transmission line resonator and disregarding any 

dielectric losses, the total Q-factor of the resonator is given by [12]: 

 
𝑄𝑡𝑜𝑡𝑎𝑙 =

𝛽

2𝛼
 (5.21) 

  By considering both (5.21) and (2.11), this approach leads to: 

 1

BW
∝ 𝑄𝑡𝑜𝑡𝑎𝑙 (5.22) 

  In (5.22), BW denotes the 3 dB beamwidth, which is inversely proportional to the gain 

of the antenna. Equation (5.22) also indicates that the gain of the FPCA is proportional 

to the total Q-factor of the resonator. 

  In scenarios where dielectric losses are included, the dielectric Q-factor serves to 

quantify the extent of dielectric loss reducing the FPCA's gain. Additionally, the total Q-

factor continues to be a relevant metric, being proportional to the FPCA's gain. 

Consequently, in the design process of the FPCA unit cell, the objective should be to 

maximize the unit cell's total Q-factor, while achieving a balance between dielectric 

loss and radiation.  
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Figure 5.12. Unit cell of the FPCA. 𝑄𝑇𝑜𝑡𝑎𝑙  is optimized through adjusting the displacement of layer 1 in 

z-direction. 

  In the case of the FPCA proposed in this thesis, the dielectric loss attributed to the 

lossy IP-Q can be characterized by the dielectric Q-factor 𝑄𝑑 . Also, the energy 

“dissipation” resulting from the radiation emanating from the cavity formed by the 

dielectric layers and metal ground, as depicted in Figure 5.12, can be represented by 

the radiation Q-factor 𝑄𝑟, and the total-Q-factor 𝑄𝑇𝑜𝑡𝑎𝑙 can be computed using (5.18). 

 

Figure 5.13. Total 𝑄-factor of the unit cells with 𝑑𝑧 ranging from +0.04 mm to -0.12 mm. 

  As shown in Figure 5.12, the electric field distribution of three different unit cells is 

depicted, each maintains the same configuration as previously presented in Figure 5.9, 
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but with variations in the parameter 𝑑𝑧 . The electric field distribution is determined 

using the CST MWS Eigenmode solver. When in a resonant state, most of the electric 

field energy is confined within the region between layer 1 and the metal ground. As 

such, by modifying 𝑑𝑧, which is the displacement of layer 1 in the z direction, control 

over the penetration of the electric field within the dielectric layers can be achieved. 

This allows for adjustment of the electric filling factor and optimisation of dielectric 

losses. 

  As demonstrated in Figure 5.12, as 𝑑𝑧  transitions from +0.04 mm  to −0.05 mm , 

𝑄𝑇𝑜𝑡𝑎𝑙  of the unit cell rises from 23.2 to 28.7, thereby validating the optimization 

methodology for the FPCA unit cell. Due to the low permittivity of the IP-Q, confinement 

by the dielectric layers is limited, thereby limiting 𝑄𝑟 and consequently resulting in a 

relatively small 𝑄𝑇𝑜𝑡𝑎𝑙. 

  It is important to noted that the electric field of all unit cells depicted in Figure 5.12 

has been normalized to 280 GHz, and the loss tangent of the IP-Q has been 

considered in determining 𝑄𝑇𝑜𝑡𝑎𝑙. 

 

Figure 5.14. Electric filling factors of the unit cells with 𝑑𝑧 ranging from +0.04 mm to -0.12 mm. 

  To further optimize the unit cell Q-factor, unit cells with 𝑑𝑧 ranging from +0.04 mm to 
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−0.12 mm are simulated using the CST MWS Eigenmode solver. As depicted in Figure 

5.13, the 𝑄𝑇𝑜𝑡𝑎𝑙  of unit cells with varying 𝑑𝑧  shows a saturation increase at 𝑑𝑧 =

−0.05 mm . Moving layer 1 further in the negative z direction no longer achieves a 

higher 𝑄𝑇𝑜𝑡𝑎𝑙 across the entire working bandwidth. Conversely, moving layer 1 further 

in the negative z direction begins to decrease 𝑄𝑇𝑜𝑡𝑎𝑙. Additionally, as 𝑑𝑧 incrementally 

increases from 0 mm to +0.04 mm, the corresponding 𝑄𝑇𝑜𝑡𝑎𝑙 decreases progressively, 

and the slope of the associated curve lessens. This indicates that FPCA will have a 

flatter gain bandwidth, implying that a wider 3 dB gain bandwidth can be realized by 

intentionally increasing the dielectric loss at the expense of overall gain. 

 

Figure 5.15. Dielectric Q-factor of the unit cells with 𝑑𝑧 ranging from +0.04 mm to -0.12 mm 

  The electric filling factor of the aforementioned unit cells, simulated using the CST 

MWS Eigenmode solver, can be evaluated using (5.20). As demonstrated in Figure 

5.14, the electric filling factor diminishes as 𝑑𝑧  varies from +0.04 mm  to −0.12 mm . 

Yet, the rate of decrease in the electric filling factor gradually slows down. 

Subsequently, 𝑄𝑑 can be ascertained using (5.19). Figure 5.15 reveals that 𝑄𝑑 shows 

an inverse trend compared to the electric filling factor. As 𝑑𝑧 ranges from +0.04 mm to 
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−0.12 mm, 𝑄𝑑 gradually increases, indicating reduced dielectric losses. It should be 

noted that variations in 𝑑𝑧  simultaneously affect both 𝑄𝑟  and 𝑄𝑑 . Consequently, 

despite the increase in 𝑄𝑑 as 𝑑𝑧 diminishes, an optimal design of the unit cell must still 

be identified following an examination of 𝑄𝑟. 

  Figure 5.16 shows that the 𝑄𝑟 of the unit cells also saturates when 𝑑𝑧 decreases to 

−0.05 mm. This indicates that the leakage rate of the unit cell reaches a local minimum. 

Furthermore, Figure 5.13 illustrates that the curve of 𝑄𝑇𝑜𝑡𝑎𝑙 has a gentler slope at 𝑑𝑧 =

 −0.05 mm  compared to 𝑑𝑧 = −0.08 mm . This suggests that a wider 3 dB gain 

bandwidth is achievable at 𝑑𝑧 = −0.05 mm, so that 𝑑𝑧  =  −0.05 mm is selected as the 

initial value for the FPCA design, aiming to balance radiation and dielectric losses. 

 

Figure 5.16. Radiation Q-factor of the unit cells with different parameter 𝑑𝑧. 

  It is important to note that the simulation results of unit cells, without considering 

dielectric losses, display different electric field distributions and electric filling factors. 

When dielectric losses are excluded, all energy dissipation within the cavity can be 

attributed to radiation. Comparing this with cases where dielectric losses are included 

results in: 
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 𝑄𝑇𝑜𝑡𝑎𝑙
𝑁𝑜 𝐿𝑜𝑠𝑠 𝑇𝑎𝑛 = 𝑄𝑟

𝑁𝑜 𝐿𝑜𝑠𝑠 𝑇𝑎𝑛 > 𝑄𝑇𝑜𝑡𝑎𝑙
 𝐿𝑜𝑠𝑠𝑦 

 (5.23) 

Here, "No Loss Tan" refers to cases without dielectric losses, while "Lossy" represents 

cases where dielectric losses are considered. Equation (5.23) implies that for a cavity 

composed of a material with a low dielectric loss tangent, the 𝑄𝑟 can be approximated 

by 𝑄𝑇𝑜𝑡𝑎𝑙
𝑁𝑜 𝐿𝑜𝑠𝑠 𝑇𝑎𝑛  abstract from the CST MWS Eigenmode solver simulation results, while 

disregarding the dielectric loss tangent. However, a more accurate calculation of 

𝑄𝑇𝑜𝑡𝑎𝑙
𝐿𝑜𝑠𝑠𝑦 

 is essential, along with the computation of the electric filling factor, when dealing 

with materials with high loss tangent, as dielectric losses cannot be disregarded. 

 

Figure 5.17. 𝑄-factors of the unit cells with different parameter 𝑑𝑧.for comparison 

  As demonstrated in Figure 5.17, the unit cell with the optimal 𝑑𝑧 = -0.05 mm exhibits 

higher 𝑄𝑇𝑜𝑡𝑎𝑙 , 𝑄𝑑  and 𝑄𝑟  compared to other unit cells, indicating that the FPCA can 

achieve reduced dielectric losses and increased gain with this optimal configuration. 

  Adjusting the position of layer 2 can also influence the Q-factor of the unit cell. 

However, the energy confined inside the cavity remains predominantly between layer 

1 and the metal ground, limiting the impact of adjusting layer 2. 
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5.3. Full Antenna Design 

5.3.1. Impedance Matching Methods  

  The full FPCA design detailed in this section originates from the multilayer unit cell 

introduced in earlier sections. As depicted in Figure 5.18, the full FPCA consists of four 

PRDS layers, with each layer composed of unit cells having dimensions as illustrated 

in Figure 5.12 and 𝑑𝑧  =  −0.05 mm. As demonstrated in Figure 5.18(c), the full FPCA 

design is excited by a WR-3 band rectangular open-ended waveguide with a cross-

section size of 0.864 mm ×  0.432 mm. 

  

(a) (b) 

 
          (c) 

Figure 5.18. The full FPCA with PRDS formed by 34 × 34 unit cells. (a) Perspective view of the multilayer 

PRDS. (b) Top View of the full FPCA. (c) Cross-section view of the full FPCA excited by an WR-3 Open-

ended Waveguide. The inner dimensions of waveguide opening are 0.864 mm × 0.432 mm. 
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  Another consideration for the full FPCA design is the transverse size of the PRDS. As 

discussed in Chapter 2, to achieve high radiation efficiency and a practical antenna 

size, typically at the termination of a LWA less than 10% of the energy should remain 

within the leaky mode(s), which means at the edges of the PRDS, as shown in Figure 

5.18, the energy remaining in the resonant cavity should be under 10%. As illustrated 

in Figure 5.19, the TM mode's normalized leakage rate of the unit cell at 280 GHz is 

0.08, thus at the edge of the PRDS, which is formed by 34 × 34 unit cells, the energy 

remaining inside the cavity would be:10 × log10(𝑒−2𝛼𝑘𝑜0.5𝐿𝑎) = −11.78 dB, where 𝐿𝑎 =

17 × 0.17 = 2.89 mm. It should be noted that since the TE and TM modes cease to be 

degenerate after 276 GHz, as shown in Figure 5.19, and the radiation beam begins to 

point at a higher angle, requiring the size of the PRDS to be further optimization to 

achieve improved performance. This will be discussed later in this thesis and 𝐿𝑎 = 2.89 

mm serves as an initial value for the design process. 

 

Figure 5.19. Normalized leakage rate of the unit cell deployed for the full FPCA design which is shown 

in Figure 5.18. 

  As depicted in Figure 5.21, the 3 dB gain bandwidth of the FPCA, when excited by an 

open-ended waveguide, ranges from 269.5 GHz to 280 GHz. However, Figure 5.20 
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demonstrates that the 𝑆11 of the FPCA, under the same conditions, is greater than -10 

dB across the entire 3 dB bandwidth. Consequently, further optimization of the feeding 

structure is required. Typically, additional matching structures, such as a double arc 

slots iris [13] or double rectangular slots iris [14], are utilized for the impedance 

transformation between the open-ended waveguide and the FPCA, as listed in Table 

3.2. 

 

Figure 5.20. 𝑆11  of the full FPCA when excited by: (1) open-ended waveguide, (2) open-ended 

waveguide with double arc slots iris, and (3) double rectangular slots iris. 

  The 𝑆11 of the FPCA when excited by a square waveguide loaded with double arc slot 

irises and double rectangular slots iris, is depicted in Figure 5.20. It can be observed 

that, better impedance matching is attainable when an additional matching structure is 

utilised. Consequently, the 𝑆11 of the FPCA remains below -10 dB across the entire 3 

dB bandwidth, which ranges from 269 GHz to 279 GHz. The dimensions of the double 

arc slot irises and double rectangular slots iris, as presented in the inset of Figure 5.20, 

are provided in Table 5.3.  
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Figure 5.21. Realized gain of the FPCA excited by open-ended waveguide, waveguide port with double 

arc slots iris, and double rectangular slots iris. 

  However, implementing the aforementioned matching structures would necessitate 

the introduction of an additional CNC machining process step for fabrication. In the 

WR-3 band, the tight fabrication tolerances required leads to fabrication errors and 

additional costs. In addition, a step-profiled waveguide transition is required to convert 

the rectangular waveguide into a square waveguide. As a result, these methods are 

not utilized in the FPCA design proposed in this Chapter. 

Table 5.3. Dimensions of the double arc slots iris and double rectangular slots, given in millimetres. 

𝑊𝑎 𝑊𝑏 𝑅𝑜𝑢𝑡 𝑅𝑖𝑛 𝑊1 𝑊2 𝑊3 

0.864 0.45 0.36 0.16 0.7 0.5 0.22 

 

  The limited 3 dB gain bandwidth of the FPCA, as shown in Figure 5.21, can be 

attributed to the reflection phase of the unit cell. As illustrated in Figure 5.7, it is evident 

that the unit cell reflection phase displays a negative gradient. As discussed in Section 

2.3, the FPCA built using the PRDS based on the unit cell design proposed inherently 

exhibits a narrow bandwidth due to its resonant operating characteristics. This 

limitation can be addressed by adopting additional methods. For instance, 
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implementing a wedge-shaped resonance zone [15] or achieving a positive phase 

gradient can help broaden the bandwidth [16]. However, creating a wedge-shaped 

resonance zone necessitates CNC machining on the flange metal ground, which can 

be challenging. Further, attaining a positive phase gradient can be difficult due to the 

lack of metal in the PRDS unit cell, especially while maintaining the effective permittivity 

distribution. 

  Another method that can be employed to attain a wider impedance matching 

bandwidth involves the use of transverse permittivity gradient tapered PRDS. This 

method and its potential advantages over other impedance matching techniques will 

be thoroughly discussed in the following section. 

5.3.2. Transverse Permittivity Gradient Tapering of Antenna 

  This section offers an in-depth explanation of the design aspects of the transverse 

permittivity gradient-tapered PRDS. The primary aim is to enhance the impedance 

matching bandwidth while concurrently expanding the 3 dB gain bandwidth. As a result, 

the 3 dB gain bandwidth product (GBWP) is employed as a distinct metric to assess 

the performance of the FPCA proposed in this thesis. This also establishes a baseline 

for comparison with other similar cited works. 

  It should be emphasized that the calculation of 3 dB GBWP in this thesis employs the 

following formula 

 𝐺𝐵𝑊𝑃 = (
𝐵𝑊

𝑓𝑐
) × 100 × 10𝐺/10, (5.24) 

where 𝐵𝑊 signifies the 3 dB gain bandwidth, 𝑓𝑐 denotes the center frequency of the 

𝐵𝑊, and 𝐺 represents the logarithmic value of the antenna's gain. Equation (5.24) is 

employed to compute the 3 dB GBWP for all the works referenced in Table 3.2 for an 
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objective analysis of similar works. 

 

Figure 5.22. One layer of the transverse permittivity gradient-tapered PRDS of the FPCA. The effective 

permittivity is of each unit cell is a function of its (𝑥, 𝑦) coordinate. 

  As discussed in Section 2.3, to achieve broader 3 dB gain bandwidth, a viable method 

is to employ a tapered PRDS, which incrementally alters the reflective phase to achieve 

a wider bandwidth resonance. The FPCA proposed in this thesis, adopts this method, 

making use of transverse gradient permittivity-distributed PRDS to accomplish an 

improved impedance matching bandwidth and 3 dB GBWP. The elimination of the 

additional impedance matching structure simplifies the fabrication process, and also 

reduces the overall cost of the complete FPCA design. 

  As shown in Figure 5.22, the single layer PRDS is constructed based on the unit cells, 

which has been discussed in previous sections. The target effective permittivity of each 

unit cell is determined by its specific coordinates. In the case of a unit cell with centre 

coordinates designated as (𝑥0, 𝑦0), the effective permittivity, symbolized as ε(𝑅) can 

be depicted as a function corresponding to the unit cell's distance from the origin: 𝑅 =

√𝑥0
2 + 𝑦0

2. For the case shown in Figure 5.22, the effective permittivity of each unit cell 

can be represented as follows: 
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ε(𝑅) = {

𝜀1, 𝑅 ≤ 𝑅1

𝜀2, 𝑅1 < 𝑅 ≤ 𝑅2

𝜀3, 𝑅2 < 𝑅 ≤ 𝑅3

𝜀4, 𝑅 > 𝑅3

 
(5.25) 

  The description of the parameters in (5.25) is provided in Table 5.4. As depicted in 

Figure 5.22, the initial design of the PRDS is divided into a circular central region plus 

three annular regions with different hole sizes, shaped according to the parameters 

listed in Table 5.5. It is worth noting that, the effective permittivity of the cuboid unit 

cells positioned beyond 𝑅 > 𝑅3, is determined by the capabilities of the 3D printing 

fabrication process.  

  The initial design of dividing the superstrate into four distinct regions is based on the 

findings presented in [17]. The referenced study demonstrates that a resonate cavity 

antenna with a superstrate divided into three equal width sections, where the 

permittivity decreases in three equal steps, yields an optimal 3 dB gain bandwidth. 

Although this method is effective for a resonant cavity antenna, it should be noted that 

the PRDS shown in Figure 5.22 serves as an initial demonstration of the design 

process for a single layer of the PRDS. The PRDS can be further divided into additional 

ring areas. 

 

Figure 5.23. A render of the cross-sectional view of the initial FPCA design for optimization. 

  To prevent the high aspect ratio thin walls from bending or deforming during the 3D 
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printing, it is crucial to set the minimum cross-section feature size, denoted as 𝑊𝑑 and 

depicted in Figure 5.22, to be 0.020 𝑚𝑚 . This specific value corresponds to the 

effective permittivity of the unit cell of 1.31. 

Table 5.4. Parameters determining the configuration of the PRDS. 

Parameter Description 

𝜀𝑛 The permittivity of the ring area with index n 

𝑅𝑛 Radius of the ring area boundary with index 𝑛 

𝐿𝑎 Edge size of the square PRDS 

 

  The initial design of the full FPCA, as depicted in Figure 5.23, utilizes the same set of 

parameters listed in Table 5.5 for all 4 PRDS layers. In order to draw a more 

comprehensive comparison between the performance of the FPCA with tapered PRDS 

and un-tapered PRDS, simulations of both designs have been conducted using CST 

Microwave Studio (MWS) with the time domain solver and Open (Add Space) boundary 

conditions in all directions.  

Table 5.5. Parameters determining the configuration of PRDS of the initial design of FPCA 

𝜀1 𝜀2 𝜀3 𝜀4 𝑅1 𝑅2 𝑅3 𝐿𝑎 

2.4 2 1.6 1.31 0.9 mm 1.8 mm 2.7 mm 5.4 mm 

 

  To ensure clarity, it should be noted that the other dimensions of the FPCA are 

identical to the design proposed in Figure 5.18, with the exception of the PRDS, 

Furthermore, the simulations have taken into account the dielectric loss of the IP-Q 

photoresin. 
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Figure 5.24. 𝑆11 of the full FPCA with tapered PRDS and un-tapered PRDS, excited by a WR-3 band 

open-ended waveguide. 

  As depicted in Figure 5.24, the simulation results indicate that the impedance 

matching bandwidth of the FPCA with a tapered PRDS is broader than that of the FPCA 

with an un-tapered PRDS, which is preferable when a broadside radiation beam is 

specifically desired. Concurrently, the realized gain of the FPCA with a tapered PRDS, 

as illustrated in Figure 5.25, demonstrates a wider 3 dB gain bandwidth compared to 

the design with an un-tapered PRDS. 

 

Figure 5.25. Realized gain of the full FPCA with un-tapered PRDS and tapered PRDS. 
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  The impedance matching bandwidth of the FPCA with a tapered PRDS ranges from 

264.2 GHz to 330 GHz, and the 3 dB gain bandwidth spans from 260.5 GHz to 283.2 

GHz, with a maximum realized gain of 18.15 dBi. Consequently, the 3 dB GBWP of the 

initial design of the FPCA with a tapered PRDS, calculated using equation (5.24), is 

453.4. The 3 dB GWBP value of this initial design is almost identical to the FPCA 

proposed in [18], which was produced using direct metal laser sintering.  

 

Figure 5.26. SLL of the full FPCA with un-tapered PRDS and tapered PRDS in both the E-plane and H-

plane. 

  In Section 2.3, it was discussed that the radiation from the TM0 mode results in higher 

SLL in the E-plane compared to the H-plane. Although Figure 5.26 illustrates that the 

full FPCA with tapered PRDS exhibits improved performance over its counterpart with 

un-tapered PRDS, the SLL remains high across the operating bandwidth where a 

broadside beam pattern is observed. Consequently, further optimization of the FPCA 

is warranted to enhance its performance within this frequency range, which will be 

covered in the next section. 
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(a) 

 
(b) 

 

Figure 5.27. Renders of the initial FPCA design (a) Perspective view of the FPCA adhered to the shim 

and mounted on the WR-3 UG387/U flange. (b) Enlarged cross-sectional view of the shim and FPCA, 

showcasing the interface between the shim and the WR-3 UG387/U flange. 

  The FPCA proposed earlier was designed as a simplified model to showcase the 

performance of the FPCA with tapered PRDS. To create a practical FPCA design, it is 

necessary to mechanically support the PRDS layers and four supporting pillars should 

be included. 

  In the process of 3D printing the FPCA, supporting pillars are adhered to a shim, 

fabricated from laser machined silicon. This shim is designed to incorporate a 

waveguide along with alignment holes that are precisely positioned for attachment to 

a WR-3 UG387/U flange, as shown in Figure 5.27(a). Moreover, a silver layer, 

exceeding 0.48 um in thickness, was sputter-deposited onto both sides of this shim 

before the 3D printing process. This thickness is equivalent to 3 times the skin depth 
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of silver at the frequency of 220 GHz to minimise ohmic loss. Further details regarding 

the shim's fabrication process will be discussed in Section 4.4. 

  As depicted in Figure 5.27(b), the shim is mounted on the WR-3 UG387/U flange. To 

ensure the shim’s secure attachment to the waveguide flange, two 4-40 UNC-2B 

screws are employed. Additionally, four support pillars, each extended at the base with 

additional pads of 0.015 mm thickness, are used to improve the FPCA’s adherence to 

the shim. 

5.3.3. Further Optimization and Discussion 

  The full FPCA design is optimized to further improve the 3 dB GBWP and reduce the 

SLL. The geometric parameters defining the FPCA, as detailed in Table 5.4, are 

considered in this optimization process.  

  The Non-dominated Sorting Genetic Algorithm II (NSGA-II), a multi-objective 

optimization algorithm, is utilized for the optimization process of the FPCA. NSGA-II is 

chosen for the optimization of FPCA design due to its capability to efficiently manage 

multiple objectives, offering a diverse set of Pareto-optimal solutions [19]. Its 

effectiveness in complex and non-linear search spaces, where gradient information 

may not be accessible or dependable, makes it exceptionally appropriate for antenna 

parameter optimization [20-22]. Additionally, NSGA-II's documented success in various 

engineering applications affirms confidence in its convergence and computational 

efficiency [23-25], which are essential for the simulation resource-intensive nature of 

antenna design optimization within predefined parameter bounds. 

  During the optimization process, the objective function to be maximised is defined as: 
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𝑓𝑜𝑏𝑗 = (∑ 𝑆𝐿𝐿𝑛

𝑚

𝑛=1

, 𝐺𝐵𝑊𝑃, max (𝑆𝐿𝐿)) (5.26) 

  After each round of simulation, the gain, SLL, and 𝑆11 are sampled at intervals of 0.5 

GHz over the WR-3 band. It is worth emphasizing that the absolute value of SLL is 

used in the subsequent calculations. This is to align with the maximization of GBWP 

during the optimization process of the objective function 𝑓𝑜𝑏𝑗. The objective function is 

then computed according to (5.26) based on the sampled data points within the 

frequency range where there's an overlap between the 3 dB gain bandwidth and S11 

below -10 dB.  

Table 5.6. Parameters determining the configuration of the PRDS of the optimized design of FPCA 

𝜀1 𝜀2 𝜀3 𝑅1
𝐿1 𝑅1

𝐿2 𝑅1
𝐿3 𝑅1

𝐿4 𝑅2 𝑅3 𝐿𝑎 

2.4 1.65 1.31 1.08 mm 1.43 mm 2.20 mm 1.26 mm 1.82mm 2.7 mm 5.4 mm 

 

  As evidenced in (5.26), the discrete integration of SLL data points further ensures that 

the optimization process yields lower SLL over a broader bandwidth. Nevertheless, it 

is important to note that due to the operating principles of the 2D FPCA, the beam 

splitting condition places limits on SLL performance. As the operating frequency 

increases, the SLL gradually deteriorates, so that the computed maximum SLL from 

the sampled results is incorporated as one element of the 𝑓𝑜𝑏𝑗. 

  To enhance the efficiency of the optimization process and reduce the time required, 

a variance-based sensitivity analysis [26] was conducted on the parameters defining 

each layer of the PRDS. Sample parameters were generated by the algorithm, and 

after 50 simulation rounds, the first-order, second-order, and total sensitivities of each 

parameter were obtained. The results confirmed that in each layer of PRDS, the radius 

𝑅1  of the central circular region has the greatest impact on the objective function. 
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Consequently, during the optimization process, apart from 𝑅1, the parameters of each 

PRDS layer share the same set of variables. 

 

Figure 5.28. A render of the FPCA after optimization. 

  As shown in Figure 5.28, the FPCA design after optimization is rendered. The 

parameters for the PRDS configuration of the optimized FPCA across all four layers 

are detailed in Table 5.6. In Table 5.6, the superscript in 𝑅1 indicates the layer index. 

Each PRDS layer has the same 𝑅2 , and 𝑅3  values but differs 𝑅1  values, with each 

layer's 𝑅1 value specifying the radius of its central circle. This significantly reduces the 

total number of parameters to be optimized, consequently shortening the optimization 

process time. 

  

(a) (b) 

Figure 5.29. Renders of the internal pillars of the FPCA. (a) Top-down view with transparent main body 

and red-coloured internal pillars. (b) Perspective view showcasing the arrangement of 0.1 mm diameter 

supporting pillars. 
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  It is noteworthy to mention that, as listed in Table 5.6, the third layer of PRDS has a 

larger 𝑅1
𝐿3  than 𝑅2 . This implies that in the third layer, ring area 2 is effectively 

supplanted by ring area 1 with an effective permittivity of 2.4. Consequently, it ceases 

to exist, as shown in Figure 5.30. The supporting pillars, as shown in Figure 5.30, have 

a width of 𝑊𝑝 = 0.75 mm.  

 

Figure 5.30. The optimized third layer of PRDS, where the value of 𝑅1
𝐿3 is larger than 𝑅2. This implies 

that ring area 2 is effectively overlapped by ring area 1. The supporting pillar width 𝑊𝑝 is 0.75 mm. 

  As shown in Figure 5.28 and Figure 5.29, internal supporting pillars have been added 

between the PRDS layers and inside the cavity formed by the PRDS and the metal 

ground. This is to further ensure that during the 2PP 3D printing process, the FPCA is 

prevented from bending under the influence of gravity, thereby avoiding deformation of 

the PRDS.  

  As depicted in Figure 5.31, the maximum realized gain of the optimized FPCA retains 

nearly consistent values within the range of 265 GHz to 284 GHz. A notable 

improvement is also evident in the 3 dB gain bandwidth, which has increased from 

approximately 22 GHz to an impressive 32 GHz. Consequently, the 3 dB GBWP after 

optimization reaches a value of 700. 
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Figure 5.31. Comparison of the realized gain of the full FPCA. Notably, a broader 3 dB gain bandwidth 

is achieved, and the maximum gain remains more uniform as a result of the optimization process.  

  During the optimization process, an additional condition was incorporated into the 

objective function to ensure the SLL of the E-plane remained below -10 dB. This 

condition aimed to enhance the working bandwidth while maintaining a low SLL as 

much as possible. Consequently, Figure 5.32 demonstrates that the bandwidth, 

wherein the SLL of the optimized FPCA is less than -10 dB, surpasses its pre-

optimization performance. 

 

Figure 5.32: Comparison of the SLL of the full FPCA, before and after the optimization. 

  Another predefined condition set during the optimization process is to ensure that 𝑆11 
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remains below -11 dB within the range of the 3 dB gain bandwidth. Figure 5.33 

illustrates that after optimization, the 𝑆11 of the optimized FPCA peaks at -11.2 dB, near 

277 GHz. Figure 5.33 also shows a broader impedance matching bandwidth is 

achieved compared to the pre-optimization design. 

 

Figure 5.33: Comparison of the S11 of the full FPCA, before and after the optimization process. 

  Due to the existence of residual un-radiated energy in between the PRDS layers and 

the metal ground, the supporting pillars at the edge of the PRDS layers will cause minor 

reflections. This effect might potentially lead to a reduction in the FPCA's performance 

regarding gain and SLL. This also elucidates the discrepancy in SLL performance 

between the FPCA prior to and following the optimization, as depicted in Figure 5.32. 

Furthermore, as depicted in Figure 5.27, the screws and alignment pin will also 

potentially contribute to additional scattering. It should be noted that the optimization 

process previously discussed does not take into account the screws and alignment 

pins due to the required increase in simulation size. 

  One solution to minimize the impact caused by the supporting pillars, screws and the 

alignment pins is to deploy unit cells with higher leakage rates at the edge of the PRDS. 

This approach ensures that most of the energy (more than 90%) has been radiated 
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before reaching the support pillars. 

 
 

Figure 5.34. Electric field distribution of the full FPCA design in H-plane at 264 GHz. The main beam is 

pointing in the broadside direction and therefore, there is nearly no interaction with the screws. 

  Another solution to mitigate this impact involves mounting the screws solely in the H-

plane, as depicted in Figure 5.27. This strategy is aimed at minimizing the reflection of 

the TM0  mode. As discussed in Section 2.3, compared to the TM1  mode and TE1 

mode, the TM0 mode radiates towards a larger angle from broadside. This property 

makes it contribute more significantly to the reflection caused by the supporting pillars, 

screws, and alignment pins. Consequently, shorter screws are preferred to be 

employed to minimize this effect. 

  

Figure 5.35. Electric field distribution of the full FPCA design in the H-plane at 292 GHz. As the frequency 

increases, the radiation pattern of the mainlobe starts to deviate from the broadside direction, leading 

to more interaction with the screws and a consequent rise in SLL. 

  As shown in Figure 5.34, the electric field distribution in the H-plane shows that, nearly 
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no reflection is caused by the screw at 264 GHz when the radiation direction of the 

main beam is pointing in the broadside direction. When the beam splitting condition is 

fulfilled as the frequency is increased, the higher radiation angle will result in more 

interaction with the screws, as shown in Figure 5.35. 

  The solutions previously proposed to alleviate the impact of reflection have 

demonstrated substantial effectiveness, as verified by the simulation results. The 

realized gain and the SLL essentially align with the simulation result acquired prior to 

the introduction of screws and alignment pins. It is worth noting that, in practical 

applications, the use of screws and alignment pins is not invariably necessary. The 

FPCA design could be seamlessly integrated with a MMIC chip itself, eliminating the 

need for any supplementary structures [27]. 

 

Figure 5.36. Comparison of dielectric losses in the full FPCA design, before and after optimization.  

  As shown in Figure 5.36, it is evident that the dielectric loss of the initial design of the 

FPCA with tapered PRS reach a maximum of 40.8%. This is primarily due to the high 

loss tangent of the IP-Q photoresin.  
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Figure 5.37. Comparison of the directivity of the full FPCA design before and after optimization. 

  After the optimization, the dielectric loss reaches a peak of 45% at 264 GHz as shown 

in Figure 5.36. As the frequency increases, starting at 270 GHz, the dielectric loss of 

the optimized FPCA becomes nearly equal to that of the initial design. Moreover, as 

shown in Figure 5.37, higher directivity is achieved after optimization of the FPCA, 

which means that a higher gain is attained due to this increased directivity, despite 

similar dielectric losses. 

 

Figure 5.38. Simulated total efficiency and radiation efficiency of the FPCA after optimization. 

  As shown in Figure 5.38, the total efficiency of the FPCA ranges from 45% to 65% 

between 264 GHz and 290 GHz. The dip around 260 GHz is attributed to the high 

return loss, as illustrated in Figure 5.33. The radiation efficiency varies from 47% to 
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65% between 264 GHz and 290 GHz, with a dip around 264 GHz due to the high 

dielectric loss caused by the IP-Q photoresin. 

  It can be seen from Figure 5.31, Figure 5.36 and Figure 5.38, at 264 GHz, a 2.6 dB 

gain loss is caused by the dielectric loss of the IP-Q photo resin. This suggests that 

employing a photoresin with lower dielectric losses for the FPCA design could result in 

a higher realized gain. 

5.4. Fabrication of Shim and FPCA 

  The shim, as illustrated in Figure 5.27, is manufactured through the utilization of a 

femtosecond pulsed laser for cutting a silicon wafer with a thickness of 300 µm. 

Specifically, the laser ablation system employed is the Yuja model manufactured by 

Amplitude. 

  The laser cutting systems produces an average power exceeding 10 Watts with a 

pulse duration below 500 femtoseconds, and the positional accuracy for 1 degree 

temperature stability of the system is 2 µm [28]. A primary advantage of employing 

femtosecond lasers for fabrication resides in their ability to ablate or alter the material 

while minimally dissipating heat into the adjacent material. This capability is primarily 

attributable to the short duration of each laser pulse, which is less than 500 

femtoseconds [28]. This duration is shorter than the typical heat transfer time - typically 

on the order of 1 picosecond - from the impact zone to the surrounding material [29]. 

The above process, termed as cold ablation, curbs the formation of a heat-affected 

zone, thereby mitigating structural damage and defects in the processed silicon wafer. 

It also enables the realization of a highly precise process [30]. 
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(a) (b) 

  

(c) (d) 

Figure 5.39. Detailed inspection of laser cut shim using microscopy. (a) and (b) close-up view of the 

waveguide port. (c) and (d) Close-up view of the laser cut alignment hole. 

  The laser cutting process begins with the designing of the shim to fit on a WR-3 band 

UG387/U waveguide flange using advanced computer-aided design (CAD) software. 

With the CAD drawing of the design ready, the laser beam is calibrated by aligning with 

the silicon wafer. During the laser cutting process, the laser is focused to a spot size 

of less than 20 µm in diameter on the silicon wafer. This precision allows for clean cuts 

and intricate designs, which are crucial for the accurate work involved in creating a 

WR-3 band waveguide flange shim. 

  As shown in Figure 5.39, the silicon has been slightly melted and subsequently 

solidified along the edges after the cutting process. The laser cut waveguide port edge 

size of the shim, as shown in Figure 5.39(b), is 0.875 mm × 0.452 mm, which deviates 

slightly from the standard WR-3 band rectangular waveguide dimensions of 0.864 mm 

× 0.432 mm. This discrepancy has been considered in the simulation of the full FPCA 
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design, given its potential influence on the waveguide's propagation characteristics 

and, consequently, on the overall performance of the FPCA.  

  

(a) (b) 

Figure 5.40. (a) A shim mounted on a WR-3 UG387/U waveguide flange for fit testing. (b) A batch of 

shims coated with silver using magnetron sputtering. 

  As shown in Figure 5.40(a), the shim is mounted on a UG387 waveguide flange for 

fit testing to verify the accuracy of the laser cutting. The shim exhibits tight and 

seamless contact with the flange surface, demonstrating the effectiveness of the laser 

cutting process. As shown in Figure 5.40(b), the shims are coated with a silver layer 

using magnetron sputtering. The corners of the shims are uncoated due to the Kapton 

tape used to hold the pieces in place during sputtering, however, this is not expected 

to affect the electromagnetic performance of the antenna.  

  The FPCA design proposed in this study is fabricated using 2PP 3D printing. 

Nevertheless, due to the multi-layer PRDS inherently being a large overhanging 

structure, it poses a challenge during the 3D printing process. These challenges arise 

because the stage movement during printing can disturb the newly printed structure 

inside the liquid photoresin droplet, leading to drift and deformation of the overhanging 
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structure. 

  To mitigate these issues, it is crucial to pay attention to the printing order of each print 

block. For blocks that overhang, it is essential to ensure a connection with previously 

printed parts. This strategy can help avoid “flying blocks” and prevent them from being 

displaced due to the movement of the stage or lens. The “Avoid Flying Blocks” setting 

in the software provided by NanoScribe can be utilized to address this issue 

automatically before exporting the print job to the NanoScribe printer. Additionally, 

higher polymerization intensity can be achieved by either increasing the laser power 

or reducing the scan speed, enabling the printing of stronger and more stable 

overhanging structures. While the methods introduced above have proved to be 

effective for smaller-scale overhanging structures, they are still insufficient for printing 

large-scale overhanging structures. 

 

Figure 5.41. Illustrative configuration of block splitting in partial FPCA for 2PP 3D Printing. The 

dimensions of the blocks in each layer are specified in the order of X, Y, and Z. All values are in 

micrometres (μm). 

  The problem of printing large-scale overhanging features has been further addressed 

by David E. Marschner et al. [31]. This solution involves carefully controlling the slicing 

of the models to be printed, meticulously adjusting the size of the blocks that constitute 
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each layer, and carefully selecting the appropriate print parameters, thereby making it 

feasible to print structures with significant overhangs. By splitting the model into 

sufficiently small blocks, the movement of the stage during the printing process is 

minimized, which allows the production of structures with substantial overhangs. An 

overlap between adjacent blocks is also specified in the slicing process to ensure 

strong connections. However, this strategy may increase overall print time, 

necessitating a careful trade-off between the block size and the total time required for 

printing [31].  

  As depicted in Figure 5.41, each layer of the PRDS of the FPCA is divided into three 

sub-layers, with the block splitting size of each sub-layer represented in the figure. The 

bottom-most sub-layer possesses the smallest block size since this layer is essentially 

overhanging and suspended in the air. The second sub-layer is printed on top of the 

first sub-layer and exhibits a larger block splitting size in the x and y dimensions than 

the first one. However, it retains the thickness of the first sub-layer in the z-direction to 

ensure a stable base for the third sub-layer. The third sub-layer features a larger block 

splitting size than the second sub-layer, effectively reducing the printing time and 

accelerating the process of constructing the entire structure. While for the supporting 

pillars, the block splitting size is much larger than that of the overhanging PRDS layers, 

which will consume less time for printing. 

  The print speed of 2PP 3D printing cannot be excessively increased. When the laser 

scanning speed is too high, the photoresin fails to absorb a sufficient number of 

photons and undergo proper polymerization. This leads to instability in the printed 

structures. Consequently, there exists a necessary balance between print speed and 

structural stability in this technology. 
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(a) (b) 

 
 

(c) (d) 

Figure 5.42: Comparison of PRDS printed using different block splitting methods. (a) and (b) print with 

large block splitting size, the printed overhanging structures appear deformed and detached. (c) and (d) 

After adopting a multi-layer and optimized block splitting plan, the PRDS layer is successfully printed. 

  It is worth noting that the process of splitting the FPCA CAD model into the sub-layers 

with different block sizes, as illustrated in Figure 5.41, is not intrinsically supported by 

the software. As a result, the entire block splitting process and the print job data files 

must be manually combined. An in-house Python code has been developed to 

accelerate this process. 

Table 5.7. Optimal 3D print parameters for the base layer of FPCA 

Base Laser Power Base Scanning Speed Base Slice Count 

5 mW 40000 µm/s 3 

  Apart from the issue of printing overhanging features, another aspect that requires 

attention is the adhesion of 3D-printed parts to the shim. Since the FPCA is printed on 
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the shim's silver-coated surface layer, the laser will be reflected and interfere with the 

incident laser beam. This may potentially lead to the formation of bubbles during the 

base layer printing process, thereby affecting the pillars' adhesion to the shim. One 

viable solution is performing a parameter scan on the laser power and scanning speed 

during the base layer printing process. Suitable printing parameters can then be 

determined by comparing the printed structures. In this work, the optimal parameters 

that achieve both strong adhesion and minimal bubble formation for the base layer 

print are listed in Table 5.7. 

  
(a) (b) 

Figure 5.43. FPCA printed on the shim: (a) Just after 3D printing, before being removed from the sample 

holder. (b) FPCA and the shim placed on the substrate holder for further development. 

  The total 3D printing time for the FPCA is 95 hours. As illustrated in Figure 5.43(a), 

the FPCA is affixed to the sample holder using adhesive tape at its four edges. As 

shown in Figure 5.43(b), the FPCA is then removed from the sample holder, positioned 

on the substrate holder and immersed in a beaker containing Propylene Glycol Methyl 

Ether Acetate (PGMEA) for 30 minutes. This developing step is aimed at dissolving 

and removing any non-polymerized photoresin. Subsequently, the FPCA is transferred 

from the PGMEA to a beaker filled with Isopropanol (IPA) for an additional 5 minutes 
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to remove any remaining PGMEA. After removal from the IPA, the FPCA is air-dried. It 

is crucial to emphasize that the entire procedure was carried out in a fume hood, 

specifically to safeguard against the health hazards posed by volatile organic solvents  

[32]. 

 

Figure 5.44. FPCA under a microscope for further inspection of the printed details. 

  As shown in Figure 5.44, the FPCA is further inspected under a microscope. It can be 

seen that the overall structure of the FPCA is nearly perfectly fabricated, with some 

deformation at the edge of the PRDS. This deformation is caused by the shrinkage of 

the photoresin. Estimating shrinkage prior to printing is challenging due to various 

influencing factors, including the age of the photoresin, laser power, scan rate, the 

geometry of the printed structure, and the post-processing procedure. Printing multiple 

cube samples with identical print configurations and post-processing conditions can 

help predict the shrinkage rate more accurately, but it is still challenging since the exact 

geometry of the printed structure influences the shrinkage. Future work is to simulate 

this shrinkage process. 

  The shrinkage of the photoresin will change the dimensions of the resonant cavity of 
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the FPCA. Consequently, the performance of the FPCA, including the resonant 

frequency and gain, is influenced, a topic that will be covered in the next section. 

5.5. Measurement and Discussion 

  To further validate the performance of the FPCA proposed in this thesis, 

measurements of the far-field pattern and 𝑆11  parameter of the FPCA prototype were 

conducted with the configuration shown in Figure 5.45. 

  

(a) (b) 

Figure 5.45. Configuration of the far-field pattern measurement of the FPCA prototype: (a) A Gaussian-

beam corrugated horn antenna is utilized as the source for the far-field pattern measurement of the 

FPCA. (b) The shim with the FPCA adhered is mounted on the WR-3 UG387/U flange. 

  As shown in Figure 5.45(b), the shim with the FPCA adhered is mounted on a WR-3 

UG387/U flange, which is connected to the WR-3 frequency extender head of the 

Keysight N5247B PNA-X network analyser. As shown in Figure 5.45(a), a Gaussian-

beam corrugated horn antenna is connected to the other WR-3 frequency extender 

head as the source for the far-field measurement of the FPCA. The separation distance 

between the FPCA and the Gaussian-beam corrugated horn antenna is 293 mm for 

the H-plane cut, and 351 mm for the E-plane cut, to fulfil the far-field measurement 

requirement. Terahertz band pyramid absorber panels are employed to minimize 
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reflections from the equipment and testbench surrounding the test field. 

 

Figure 5.46. The 𝑆11 of the FPCA prototype, measured and compared with two simulated results: one 

standard and another incorporating a 4% shrinkage of the photoresin. 

  Figure 5.46 illustrates a discrepancy between the measured and simulated 𝑆11 of the 

FPCA, with the measured data exhibiting a frequency shift. This deviation is attributed 

to the shrinkage of the photoresin used in the fabrication process. To validate this, 

additional simulations were performed, adjusting the FPCA structure to account for a 

4% shrinkage. The revised simulation results, as depicted in Figure 5.46, demonstrate 

a closer alignment with the actual measured 𝑆11, confirming that the shrinkage of the 

photoresin significantly impacts the resonance frequency of the FPCA. 

 

Figure 5.47. Simulated and measured realized gain of the FPCA.  
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  As shown in Figure 5.47, the FPCA achieves a measured realized gain of 20.4 dB, 

with a 3 dB gain bandwidth of 23.3 GHz, ranging from 272 GHz to 295.3 GHz. This 

corresponds to a 3 dB GBWP of 892.4. Additionally, the frequency shift between the 

simulated and measured realized gains of the FPCA is attributed to the shrinkage of 

the IP-Q photoresin. 

 
(a) 270 GHz 

 
(b) 274 GHz 
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(c) 278 GHz 

 
(d) 282 GHz 

 
(e) 286 GHz 
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(f) 290 GHz 

 
(g) 294 GHz 

Figure 5.48. Far-field radiation pattern of the FPCA in both E and H-plane.  

  As shown in Figure 5.48, the main beam of the FPCA remains directed towards the 

broadside direction across the frequency bandwidth from 270 GHz to 294 GHz. It is 

observed that the beamwidths of the simulated and measured patterns of the FPCA 

match well. However, due to the frequency shift, the SLL of the measured E-plane 

pattern becomes higher, no longer matching the simulated results. 
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Figure 5.49. Measured and simulated SLL of the FPCA.  

  As shown in Figure 5.48 and Figure 5.49, the H-plane of the far-field pattern exhibits 

a SLL compared to the E-plane. This difference is attributed to the presence of the TM0 

mode, which contributes to the far-field radiation pattern, as previously discussed in 

Section 2.3. The measured SLLs of the patterns in both E and H-planes are relatively 

stable in the range from 274 GHz to 286 GHz. However, as the frequency increases, 

the SLL in both E and H-planes worsens due to the higher radiation angle of the leaky 

wave modes from broadside, as discussed earlier in Section 2.3. 

5.6. Summary 

  In this chapter, a 3D-printed FPCA based on 2PP photoresin is proposed. This 

antenna offers a low cost, ease of integration with chips, and features a low-profile, 

high-gain, wide-band design with a stable radiation pattern, consistently directed 

broadside across varying frequencies in the H-band. Concurrently tapering the 

permittivity distribution of the multi-layer PRDS and optimizing the FPCA has led to 

achieving a 3 dB GBWP of 892.4, which is higher than those reported in similar 
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published works. This advancement is confirmed through experimental validation via 

far-field measurement. While the experimentally measured 3 dB GBWP marginally 

differs from the simulated value, the overall correlation is significant, especially when 

considering the frequency shift. Importantly, the novel design of the FPCA eliminates 

the need for an additional waveguide matching structure during its integration. To 

further optimize the agreement between the FPCA simulation and the measurement, 

future work will consider the shrinkage factor of the 2PP photoresin during the 3D 

modelling process. Additionally, GP-silica, a composite polymer-silica material, will be 

explored for the 3D printing of FPCA due to its lower loss tangent, while compensating 

for its higher shrinkage factor. 
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Chapter 6 

 

6 Conclusion and Future Work 

6.1. Conclusions 

  In this thesis, two antenna designs are proposed that meet these characteristics for 

diverse terahertz applications: a H-band DLWA based on micromachined silicon, and 

a H-band direct laser-written polymer FPCA. 

  A DLWA based on micromachined silicon is proposed in Chapter 4. The DLWA 

proposed in this paper employs the novel leaky unit cell design and exhibits a Dirac-

like dispersion relationship, that both addresses the common OSB problem 

encountered with LWA design and realizes a fan beam which scans linearly with 

frequency. The simulated results confirm that the bandgap of the antenna is closed 

and measured results show the 𝑆11 to be below -15 dB across the WR-3 band with the 

exception of a peak at 253 GHz, where reflection reaches -6.4 dB which is attributed 

to fabrication tolerances.  

  Another novel aspect of the DLWA design is the application of aperture tapering to 

reduce the SLL, combined with a curve fitting method for optimizing and predicting the 

unit cell dimensions. This method ensures the maintenance of both the same 

broadside radiating frequency and the closed bandgap feature of the unit cell with 

desired leakage rate. A SLL less than -17 dB is achieved ranging from 220 GHz to 315 
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GHz, covering the entire H-band. The DLWA exhibits a peak aperture efficiency of 

81.5% at 265 GHz. 

  A further novel feature of the DLWA design is its utilization of an all-dielectric approach 

(except for the reflector and feeding waveguide), which minimizes Ohmic loss 

commonly encountered in predominantly metal structures described in prior studies. 

The fabrication from a single silicon wafer permits the integration of active components 

and future AiP implementations. 

   A FPCA realized through a 2PP direct laser writing process is proposed in Chapter 

5. The FPCA is seamlessly integrated with a silicon shim and is connected to a WR-3 

band UG387/U flange, enabling it to be fed by an open-ended waveguide. 

Furthermore, this thesis introduces a novel analysis method that employs Q-factor as 

a key design metric. This method aims to reduce the electric filling factor and minimize 

dielectric loss, allowing (inexpensive) polymers with moderate loss tangents, in this 

case IP-Q photo resin, to be employed. The ultimate goal of this approach is to achieve 

a higher antenna gain.  

  Another novel aspect of the FPCA design is the implementation of a transverse 

gradient permittivity-distributed PRDS in order to achieve a higher 3 dB GBWP. This 

approach also enables the matching of the antenna to the shim without requiring 

additional structures. The far-field measurement results confirm the antenna's 

performance, showing a gain of 20.3 dBi at 281.5 GHz, and the 3 dB GBWP reaches 

892. However, shrinkage of the IP-Q photo resin after post processing leads to an 

increase in the FPCA's 𝑆11, which raised to -8 dB at 285 GHz. Within the 3 dB gain 

bandwidth of the FPCA, ranging from 272 GHz to 295.3 GHz, a pencil-beam radiation 

pattern is maintained, and the lowest SLL reaches -14 dB. 
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6.2. Future Works 

  The future work for the DLWA proposed in this thesis includes the following: 

1. Further optimise the DLWA’s fabrication process to reduce fabrication errors. 

This can be achieved by improving CNC machine calibration, and using a more 

sophisticated CNC machine. 

2. Experiment with alternative materials to fill the gap between the DLWA and the 

metal reflector. For instance, employing silica could result in a more precise 

distance between the DLWA and the metal ground, potentially eliminating the 

need for the CNC machining of the antenna mounts which control this distance. 

3. Pursue further optimization of the feeding mechanism in the tapered DSW. This 

involves integrating reshaped photonic crystals to facilitate a broader and more 

uniform wave propagation. Such advancements are expected to serve as an 

improved source for the excitation of leaky waves, ultimately aiming to achieve 

a more focused pencil-beam radiation pattern. 

4. Explore the integration of the DLWA with a lens antenna for advanced wavefront 

reshaping. This approach aims to achieve higher gain or maintain a stable beam 

direction despite frequency variations. 

5. Investigate the substitution of HRS with more cost-effective, low-loss dielectric 

materials. The objective is to attain comparable performance levels while 

reducing costs. 

6. Focus on refining the unit cell design of the DLWA to target higher leakage rates. 

This endeavour aims to cater to specific scenarios requiring antennas with lower 

gain, thereby expanding the applicability of the technology. 

  For the FPCA proposed in this thesis, future work and improvements would be as 
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follows: 

1. Consider replacing the current IP-Q photo resin with a newly developed 

photoresin containing silica nanoparticles for the antenna's composition. Owing 

to silica's lower dielectric loss characteristics compared to IP-Q, such a 

substitution could potentially result in enhanced antenna gain. 

2. Integrate piezo motors and their associated control circuits and design the 

FPCA's supporting pillars to flex, allowing horizontal displacement of the FPCA’s 

layers. This addition aims to realize a steerable beam pointing functionality, 

enhancing the antenna's operational versatility. 

3. Incorporate piezo motors beneath the shim of the FPCA. By adjusting the 

resonant cavity height, this modification is expected to facilitate a reconfigurable 

design in terms of working frequency, broadening the scope of the antenna's 

applications. 

4. Consider replacing the current silver layer coating on the shim surface of the 

FPCA with corrugated ring structures. This proposed modification aims to 

further suppress unwanted surface wave modes, potentially resulting in a 

reduced SLL. 

5. Optimize the printing sequence for the segmented blocks of the FPCA to 

achieve greater efficiency in the direct laser writing process, potentially reducing 

overall fabrication time. 

 


