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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

Introduction

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]:
Amtd
FSPL = 20 loglo(%) (1.1)

In this context, d designates the propagation distance of the electromagnetic wave in
free-space, while 1 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].
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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 ym and 130 pm [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:

o 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:

o 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. Acurve 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.

12
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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

Theoretical 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.
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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 JkxXg=Jks? (2.1)

where A is the amplitude of the electric field, while k, and k, represent the complex
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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 k, and k, can be
represented as follows:
ky = By — jax (2.2)
k, =B, —Jja, (2.3)

ky = kg —kZ (2.4)

where k, represent the wave number of free space, S is the phase constant, « is the
leakage rate or attenuation constant, g, and a, are the components of the phase
constant and leakage rate, respectively, specific to the x direction. Similarly, 8, and a,
are the z directional phase constant and leakage rate, respectively. Substituting (2.2)
and (2.3) into (2.4) yields the following:
Bxax = =Pz, (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 5, >0, 8, > 0 and a,, > 0. From (2.5) it is determined
that @, < 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 g
and attenuation constant «, respectively [4]. As demonstrated in Figure 2.2, the

radiation angle 6, with respect to z-axis, can be calculated as follows [1]:

6 =tan™! (%) (2.6)

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

following [5]:

0 = cos™! (%) (2.7)

Equation (2.7) suggests that for broadside radiation where 6 = 0° that 5, 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.

p
[e———]
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’X

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 6 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:

+ o
Z Ane_jkxnxe_jkznz (28)

n=—aw
where k,,,, the wavenumber of n" Bloch mode change in the x direction, can be

expanded as:

2mn
kxn = kxo + T (2.9)

where p represents the periodicity of the modulation, as shown in Figure 2.3. Due to
the periodicity in k,, only —g <k, S% need to be considered, and this region

containing the unique values of k, is called the Brillouin zone [3].
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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 n'" Bloch mode satisfies the following condition:

—ky <y <0 (2.10)
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the n™ 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 -k, < k,,, < 0, as illustrated in
Figure 2.4, the leaky wave is considered "proper”. This is because from (2.5), it can be
determined that «a,,, > 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]:

2
BW = 2 csc(0) & ~ 22 2.11)

ko~ Bx
Equation (2.10) indicates that when the attenuation constant a, 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 a,, 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:

Ny =1— e 24k (2.12)
where a 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 a can
then be determined by transmission coefficient S,; using the following equation:
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_ —In|Sy| (2.13)
O(——Np

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

In reality, the radiation efficiency n, 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 f, is tapered using a Taylor distribution. To achieve this, the leakage rate
a(x) of each unit cell as a function of the coordinate x can be calculated using the

following formula [1]:

242 (x)

a(x) = (2.14)

éfOLAz(x)dx - foxAZ(x)dx

where A(x) denotes the desired Taylor distribution, L represents the length of radiation
aperture and e, 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 a(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, f;.

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, f,. 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].

21.2. 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]:

(JEy X Hy,-dS)(J E, X H} - dS) 1 (2.15)
[E{x H-dS Re([ E, X H}, - dS)

n= ‘Re

where E; and H, represent the electric and magnetic field of the mode propagating

inside the taper, respectively. E,, and H,, represent the electric and magnetic field of
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the n'" eigenmode of the unit cell, respectively.

UG387 Waveguide Flange

/ WR3 Metal

E}| Dielectric Waveguide Mode
)\ Rectangular Waveguide
A

fan)

Electric Field Distribution

Unit cells

Figure 2.5. The unit cells are excited by the taper, and the E;’, 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 EY; dielectric slab waveguide mode propagate along the taper is
excited by the TE,;, metal rectangular waveguide mode. The dominant field

components of E;, dielectric waveguide mode are E,, H, and Hy. For brevity, only the

EY; 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.

Frequency

L . ' . ; . J
0 5 10 15 20 25 30
Phase (deg.)

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 f; to f,. 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].
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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,r; = 0.07 mm, r, = 0.06 mm, 3 = 0.08 mm, r, = 0.19 mm, 5 = 0.15mm, 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 k, = 11871 and k, = 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 E7;, 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 E, 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
E}, 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 E, 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), E, 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 m-network inside the unit cell to match the impedance [12].
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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 I'
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].
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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 I" point, which is the center
of the Brillouin zone.

As shown in Figure 2.10, four modes accidentally degenerate at the I" 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 I
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

36



Chapter 2 Theoretical Background

possessing the wave vector along the I'X 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 I" point, the phase changes of the Bloch modes in all directions equal
to 2mn, 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.
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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]:
il _ o [Val _ -jkp V1] _ [Vz] (2.16)
| =] = [l = 1
where k =  + ja is the complex wavenumber of the leaky wave mode, p represent
the periodicity of the unit cell, and 1 = e /%7 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

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

—angle(1) 2mm (2.17)
n = - |
p p
- (2.18)
p

where angle is the function which returns the angle of the complex eigenvalue in the
complex plane in the range of (—m, ] 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, TV, the N 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]:

x

_In[V4y| (2.19)
p

where 1, represents the eigenvalue of TV , and the N ™ 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 N 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 N*" root values of
Ay and the M™ root values of 1, to identify the correct root value 4y, 5, 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]:

—angle(/lM,N) 3 2mm (2.20)
p p

.BM,N =

where m is an integer that determines the chosen branch cut of the propagation
constant.
The selection of the correct N root of the eigenvalue TV 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].

Port 1 Port N+1
Port 2 Port N+2
Port 3 Port N+3
———— —— —
N-Bloch-mode I N-Bloch-mode
® [ ]
[ [ ]
[ [ ]
Port N Port 2N
——

Figure 2.12: Equivalent network of the unit cell with 2N-port. The unit cell is characterized by the
2N X 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 x 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 — A) = 0 (2.21)
e ke 0 0 0
0 e Jkp 0 0

az| s (2.22)
0 0 ..oe 0

where A is a 2N x 2N diagonal matrix. At each discrete frequency point, the complex
wavenumber k = f + ja 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:
M M
E,=E(x=np) = Z RZ; = Z Rie7JkinP n = 12... N (2.23)
i=1 i=1

where E,, represents the n'" sample of the complex electric field data, M stands for the
number of mode components, k; = f; + ja; denotes the complex wavenumber of the
leaky wave mode of index i, Z; = e /¥i"P denotes the phase factor of i" mode
components, p the perturbation period, and R; represents the complex amplitude of
the i'™ mode component.

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

E; E; o Epyg
D= E; Es o Epyo (2.24)
En-1 En-p+1 - Ey

42



Chapter 2 Theoretical Background

where L denotes the pencil parameter. The value of L is typically chosen to fall within
the range g to % 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 =uUsvH (2.25)
where the superscript H denotes the conjugate transpose, U and V are unitary
matrices, and S is a diagonal matrix, denoted as § = diag([S;,S2,S3,:+,Sy])- Each
diagonal element S; 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' = [vq,vq, -, vy (2.26)
where V' denotes the reconstructed V matrix. Two additional matrices, denoted as V}
and V3, can be derived from V'. Specifically, V; is obtained by removing the last row of
V', while V5, is obtained by eliminating the first row of V' [48].

Then with the reconstructed matrix V; and V5, it is possible to have:

D, =US'(V)H (2.27)
D, = US'(Vy)H (2.28)
where S’ denotes a diagonal matrix, wherein the diagonal entries represent the M
largest singular values [43].
Finally, the phase factors Z; can be obtained by solving the following generalized

eigenvalue problem [48]:
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where b represents the corresponding eigenvectors. The complex wavenumber for the
dominant M mode components can then be calculated with:

_Inz (2.30)

k;

=pi+ja;,i=12,--M

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 Z; 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 w,,
dependent on the wavenumber k. The Q-factor of the unit cell is derived from the
imaginary part of w., corresponding to the radiative loss of the unit cell. This

relationship can be expressed mathematically as follows [49]:
1
wc=wc(k)=wr+jwi=w(1 +j%) (2.31)

where w, = w is the real part of the complex angular eigenfrequency, and w; 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 a. Consequently, post-processing is required to calculate the leakage rate
a for the unit cell. Through a Taylor expansion of w.(k) in the complex plane, the

wavenumber k(w) = B + ja can be expanded as a function of w as follows [50]
_ e 9B (2.32)
Then the leakage rate of the unit cell can be related to the complex frequency w, by:

L (2.33)
Vg

29 is the group velocity. The leakage rate a of the unit cell can be

where Vg = T

expressed from (2.32) and (2.33) as:

= (2.34)
/1%
where f = w/2m 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.

. W\ //

Resonate Cavity —]| WW\/ ::h
Metal Ground ——— R 0 e > X

r

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:
4r
@prs t Pgna — /1_h = 2nm, n= 0,+1,+2.. (2.35)
0

where @pg; is the reflection phase of the PRS, ¢ 4,4 = —m is the reflection phase of the
metal ground, and 4, 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 0.54, [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 = 10logs %: O0<R<I1 (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:

-z
" In(R)

Q (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:

BW
GBWP = ( 7 ) x 100 x 106/10 (2.38)
c

where BW signifies the 3 dB gain bandwidth, f. 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 0t
and 1%t order leaky wave modes [65, 66].

The far-field radiation pattern of FPCA corresponding to the TE mode in spherical
coordinates (r, 0, @) is [1]:

Eg(r,0,¢0) = R(r)cos 6 cos ¢ C(0) (2.39)
E,(r,0,9) = —R(r) sinp P,(0) (2.40)
In the spherical coordinates, r represents the radial distance, 6 is the polar angle, and

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

Eq(r,0,90) = R(r) cos 0 cos ¢ P,(6) (2.41)
E,(r,0,0) = —R(r) singp C(0) (2.42)
In both cases,
R(r) = _J@ko e~ Jkor (2.43)
4nr
_2 4k, (2.44)
P (0) = E B k3 — k2 sin® 6

co)=-2 (2.45)
D

where k, = kaz+ky2 = k,(B —ja) represents the transverse complex

wavenumber of the cylindrical leaky waves, k, represents the free space wavenumber,
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B denotes the normalized phase constant and a represents the normalised leakage
rate. Consequently, the radiation pattern can be ascertained by analysing the k}* and
k™ values of both the 0™ and 1%t 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 6 is shown. When
the leakage rate of the cylindrical leaky wave undergoes weak attenuation, the beam
pointing angle 8 can be determined by the following relationship:

k 2.46
6 = sin_lk—p ( )
(o]

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]:

KIE ~ KTM (2.47)
Bre < arg (2.48)
Bru < ary (2.49)

It is noteworthy that as the frequency increases and the phase constant  exceeds
the leakage rate a, the pencil beam will then split, resulting in a conical radiation
pattern. In this context, Brr = arg = Bry = ary 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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2.47

D X FBW =~ (2.50)

&r
where FBW denotes the fractional bandwidth of the FPCA, and &, 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

50



Chapter 2 Theoretical Background

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:
Z, = 120w (2.51)

.

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

Zy = (2.52)

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

equation:

(2.53)

ko — k,”
kzd — /kdz _ kxz (254)
Here, k,, denotes the Z component of the wavenumber corresponding to the resonant

modes in the air cavity. Meanwhile, k,, 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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Kz,
k

ZTE = 4 g (2.56)
ks,

2T~ kzy Z (2.57)
ko

g = ey (2.58)
kq

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

expressed as:

TE/TM |, ., TE/TM
7 = ZTE/TM Zy +JZ, tan(kz,ha) (2.59)
w = 2a G TR e, )

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

be represented as:

Zagwn =% " tan(kz,hy) (2.60)
In scenarios where the leaky wave radiation beam's orientation is near the broadside
direction, k,, can be approximated by k, . Finally, the TRE can be formulated as:
Zup = —Zaown (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 flaments, 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
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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

58



Chapter 2 Theoretical Background

material, Visidet. 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 Géppert-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].

Objective

(b)
— 3D polymeric

Dev;lppel‘ structure

(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).
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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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